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Abstract
Due to the local nature of nuclear shielding (which increases as chemical 
shift decreases on the same ppm scale), model glycosidic systems are 
suggested as a way of studying the potentially useful relationship that 
exists between solid state CP-MAS NMR chemical shifts and glycosidic 
conformation as described by the § and vj/ torsion angles. Theoretical ab 
initio nuclear shielding calculations have been performed using both the 
gauge included atomic orbital (GIAO) and individual gauge for localised 
orbital (IGLO) methods. The reliability of these methods is demonstrated 
from a comparison with literature data. The rationale behind the use of 
model compounds is then introduced along with a comparative study of the 
a- and P-(l-»4)-glucan model systems and the parent disaccharides which 
takes into account the total shielding, principal component values and their 
directions, which are illustrated graphically. Good agreement is found 
between the calculated shielding tensors of the model systems and 
disaccharides. These model a- and p-(l-»4)-glucans are then used in a 
study of how the Cl and C4' chemical shielding varies versus glycosidic 
torsion angles. In particular, the correlation suggested by Gidley between 
C l shielding and \|/ torsion angle. It is found that calculations are able to
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predict this shielding dependence and demonstrate its local nature as there 
is a much smaller variation in the nuclear shielding of the remote carbon 
atoms in the model-a-(l->4)-glucan. These models are then used to build 
nuclear shielding surfaces over a reasonably allowed conformational 
region in <|>,i|/ space. Good agreements with experimental data are found 
for both a-(l-»4)-glucan and p-(l-»4)-glucan surfaces and they provide 
an illustration of how the a- and p- anomers differ in this respect. 
Shielding surfaces are also calculated for model mannan and galactan 
systems. The latter is chosen as a representative model of pectin. Finally, a 
study of the direct dependence on Cl and C4’ shielding with intra- and 
inter- molecular hydrogen bonds in models of cellulose I and a- 
cyclodextrin is presented. It is concluded that the hydrogen bonds have a 
secondary effect through influencing the <|>9v|/ torsion angle conformation.
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1.1. Introduction
1.1.1. The Carbohydrate Class of Molecules [1.1-1.3]
The name ‘carbohydrate’ was suggested by K. Schmidt in 1844, and were originally 
defined as a class of molecules whose constituent atoms were only carbon, hydrogen 
and oxygen. The name now applies to molecules that also contain e.g., nitrogen and 
sulphur atoms. They are also known as ‘saccharides’: mono-, oligo- or poly­
saccharides, depending upon the number of monomer units present and are amongst 
the most abundant of natural molecules, occurring as energy reserves in plant seeds 
(starch) or structural materials (cellulose and pectin) in plant cell walls. 
Polysaccharides have diverse biological roles, from regulating the coagulation of blood 
(glycoproteins) to the anchoring of seaweed to rocks and are of great commercial and 
industrial importance, particularly in the food industry where they are put to use as 
thickening or gelling agents. They also play an important part in controlling the texture 
and mouthfeel of foodstuffs [1.4].
1.1.2. Nomenclature [1.5]
There are several basic aspects to consider in the nomenclature of carbohydrate 
systems. Firstly, due to their optically active nature, their enantiomers are termed D- or 
L- although these prefixes have nothing to do with optical rotation, which is indicated 
by a (+) or (-) prefix. A ‘D-’ sugar is derived from the reference substance 
glyceraldehyde which is chosen as a standard, Figure 1.1. In this system, the 
asymmetric carbon atom farthest from the carbonyl group has its hydroxyl group on 
the right in the Fischer projection, while in an L- sugar, the corresponding hydroxy 
group is on the left.
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CHO
H-C-OH
CHO
c h 2o h
HO-C-H
c h 2o h
L-GlyceraldehydeD - Glyc eraldehyde 
Figure 1.1. Fischer projections of glyceraldehyde.
Secondly, these systems occur in the form of five or six membered hemi-acetal rings, 
the carbon atoms of which are numbered according to a scheme illustrated in Figure
1 .2 .
CH2OH
H,OH
Figure 1.2. Haworth illustration of carbon atom numbering scheme in D-Glucose.
The Cl atom is asymmetric, resulting in a  or P anomeric forms, where the P anomer 
has the OH at Cl and CH2OH at C5 cis with respect to each other on the ring. 
Polysaccharides and oligosaccharides are formed by mono-saccharide repeat units 
joining through glycosidic bonds which involve the carbonyl carbon (Cl) of at least 
one of the joining units and are labelled according to the numbers of the ring carbon 
atoms involved in the link.. A dashed number (e.g., C4') corresponds to an atom in the 
next linked residue, e.g., in a disaccharide. This thesis is concerned with a- and P- 
(l-»4) glycosidic bonds.
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1.1.3. The importance of polysaccharide shapes [1.6]
Polysaccharide chains are built up from relatively in-flexible residues, for example, 
pyranose rings. As a result of the rigidity of these building blocks, the conformation of 
the glycosidic linkage between successive residues is one of the main determinants of 
polysaccharide shape, which is important for biological function. Understanding how 
the glycosidic conformation affects the chemical shift of the Cl and C4' atoms will 
allow structural information to be gained from systems less amenable to study by X-ray 
diffraction and contribute to an overall insight into the relationship between structure 
and function.
1.1.4. Torsion angles
Torsion angles play a central role in describing the conformation of glycosidic linkages. 
If a system of four atoms A-B-C-D are bonded as in Figure 1.3., then the angle 
between the two planes defined by atoms A-B-C and B-C-D is called a torsion angle,
0.
A
Figure 1.3. Illustration of torsion angle 0. 
(-180° < 0 < +180°)
The torsion angle is deemed positive or negative according to the relative positions of
the atoms as shown in Figure 1.4 [1.7]
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Figure 1.4. Illustration of positive and negative torsion angles.
View down B-C / C-B bond.
The three torsion angles concerned in a study of conformationally dependent chemical 
shifts are (j>, \j/ which define glycosidic torsion angles and % which defines an exo-cyclic 
torsion angle about the C5-C6 bond.
They are, fo r  the purpose o f this work, defined as:
<j>: H1-C1-01-C4’, yr. H 4 ’-C 4’-01-C1, H5-C5-C6-06.
Although it should be noted that the glycosidic torsion angles have also been defined 
as [1.8]:
4>i: 05-C l-04’-C4’, <|)2: C l-04’-C4’-C3’, c^: C2-Cl-04’-C4\ 4>‘2: C l-04’-C4’-C5\ 
or 4>: 05'-Cl'-01'-C4, \j/: Cl'-01'-C4-C5
The exo-cyclic hydroxymethyl rotamer has three main conformations which are 
described according to the relative positions of the 06 and C4 or 05 ring atoms thus :
C A 05
08
H
C A 05
OBH
05C4
H
[i] piJ I'1')
[i] GG : C6-06 is gauche to C5-05 and gauche to C5-C4
[ii] GT : C6-06 is gauche to C5-05 and trans to C5-C4
[iii] TG : C6-06 is trans to C5-05 and gauche to C5-C4
It is also possible for the 06-H bond to have various conformations with respect to the 
C5-C6 bond :
H
H
C5
[iii]
H
C5
H
H
C5
[i] GG,G1 [ii] GG,G2 [iii] GG,T
1.2. Solid state NMR of carbohydrates
This section will provide an introduction to solid state NMR and a review of 
experimental studies of conformationally dependent C-13 chemical shifts of a/|3-(l—>4) 
glycosidically linked carbohydrate systems with particular attention to correlations that 
have been discovered between chemical shifts and structural data. This review will 
focus on a  and p linked glucan systems as the greatest body of solid state NMR
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literature exists for these molecules. As a basis for the calculations presented later a 
mention will also be made of experimental studies on mannan and galactan molecules.
For a nucleus to be NMR active, it must possess the property of spin. This might come 
about, for example, if the nucleus contains an odd number of protons. The C-13 
nucleus has a spin of 1/2. Due to the nucleus also possessing charge, it will have a 
magnetic moment, all nuclei in the molecule will undergo energy quantization in the 
presence of an applied magnetic field. The origin of Nuclear Magnetic Resonance [1.9] 
lies in the transitions between these quantized energy levels resulting in the structurally 
diagnostic attribute of chemical shielding, which is related to the local electronic 
environment, spin-spin splitting and coupling constants. Rapid isotropic tumbling of 
molecules in solution causes the averaging of intramolecular dipole interactions and 
thus sharp peaks are observed in solution spectra which provide useful information for 
structure elucidation. In the solid state, due to the molecules being held rigidly, these 
dipole interactions are not averaged and other techniques must be used to ‘recover’ 
this information. Also, as C-13 is a ‘dilute’ spin with a natural abundance of 1.108% 
and is an inherently insensitive NMR nucleus (low gyromagnetic ratio) these 
difficulties must also be overcome.
The combined techniques of cross polarisation and magic angle spinning (CP-MAS) 
provide a way of circumventing the problems mentioned above [1.10]. Magic angle 
spinning provides the equivalent of molecular tumbling for solids. The components of 
the dipolar Hamiltonian which cause the characteristic line broadening in solids contain 
the term (3cos20-l). The tumbling of molecules in liquids causes this term to be
15
averaged to zero. Hence, in the MAS experiment, by rapidly spinning (at speeds of 
around 4kHZ) the solid sample at an angle of 0 = 54.7° to the applied magnetic field, 
the powder pattern collapses to sharp peaks due to the (3cos20-l) term becoming zero.
Problems encountered with dilute spins such as C-13 are spectral broadening, due to 
dipolar interactions with protons and long spin-lattice relaxation times which affects 
the efficiency of multi-pulse techniques. Cross polarisation overcomes these problems 
by transferring the H-l magnetization to the C-13 nuclei by the following method : (i) 
a 90° pulse is applied in the H-l RF channel to spin-lock the H-l magnetisation in the 
Y-direction of the rotating frame, (ii) A pulse is applied to the C-13 spins which also 
orient in the Y-direction and the amplitude of the spin-locking field HiC is adjusted to 
meet the Hartmann - Hahn matching condition :
YhH ih =  YcH ic
where Yn is the magnetogyric ratio of nucleus n. This condition implies that C and H 
precess at equal rates in their respective rotating frames and that their effective 
energies are comparable. This allows a rapid transfer of magnetisation between the two 
nuclei via the flip-flop term in the dipolar Hamiltonian. The gain in sensitivity depends 
upon the ratio of the magnetogyric ratios, which for these nuclei is: Yh/Yc = 4.
Several review articles on standard C-13 NMR spectroscopy of carbohydrates [1.11- 
1.14], solid state CP-MAS NMR of a variety of systems [1.15-1.16], and applications 
to food science [1.17] have been published. The discussion presented here will focus
16
on C-13 CP-MAS NMR studies of the a- and p-(l—>4) linked systems of interest in 
this work and correlations with structural data obtained from X-ray studies.
1.2.1. a -(l-»4) linked glucans
This type of molecular system is illustrated in Figure 1.5.
£H2OH
-o .
N
H H
OH Hi — O —
c h 2o h
OH H
>H H OH
Figure 1.5. Illustration of an a-(l->4) linked glucan.
The use of C-13 chemical shifts, obtained by CP-MAS NMR studies of solid amyloses 
and related to structural data obtained from X-ray studies to provide a reference for 
determining conformation in solution was suggested by Saito and Tabeta (1981)
[1.18]. Amylose is a linear or lightly branched oc-(l—>4) component of starch which 
adopts a left-handed six-fold helix in anhydrous crystalline form. It was concluded that 
the C-13 chemical shifts of amylose and its oligomer in aqueous solution result from 
rapid conformational isomerism around the glycosidic linkage with respect to the 
conformationally dependent solid state NMR data [1.18].
A number of authors [1.19-1.24], have presented solid state NMR studies on starch 
polymorphs. Starch is the major energy reserve of all higher plants and an important 
constituent of the human diet which gives two distinct X-ray diffraction patterns, 
known as A-type which is characteristic of cereal starches and B-type which is 
characteristic of tuber and maize starches. Imberty et al [1.25-1.26] have found that
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the crystal structures of both the A- and B- forms of starch are based upon similar 
parallel-stranded, left-handed double helices packed in a parallel fashion but differing in 
the way the double helices are packed (Figure 1.6).
O O
B-type
Figure 1.6. Representation of helix packing and unit-cells in A-type and B-type
crystalline a -( l—»4)-glucan.
The A-form is packed into an orthorhombic unit-cell resulting in nearly hexagonal 
close packing while the B-form is packed into a hexagonal unit cell with two helices 
per cell leaving a channel within a hexagonal array that is filled with water molecules. 
C-13 CP-MAS NMR can distinguish between the two polymorphs of starch with 
characteristic spectral features being observed for the Cl nucleus (Figures 1.7,1.8), 
namely,
C-l
100 so
Figure 1.7. Hydrated A-type amylose - 50MHz CP-MAS spectrum.[1.23]
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a triplet split is observed for Cl in the A-type spectra while a doublet is observed for 
Cl in the B-type spectra.
C-l
Figure 1.8. Hydrated B-type amylose - 50MHz CP-MAS. spectrum. [1.23]
These multiplicities have been attributed to the number of Cl atoms in the asymmetric 
unit i.e., a maltotriose repeat unit for the A-type and maltose repeat unit for the B-type 
and have been observed as being dependent on the level of hydration. Non-ordered 
('amorphous') a -( l—»4)-glucans show a broad dispersion of chemical shifts with 
displacements relative to double helices of +/-5ppm for Cl and 6ppm for C4. This 
implies major conformational differences between amorphous and crystalline 
components and provides a method to quantitatively estimate the amount of 
amorphous and crystalline component present from analysis of the CP-MAS data
[1.19].
The study of cyclodextrins (CDs) and their inclusion complexes by NMR has been 
reviewed [1.27]. There have been a number of studies of these macrocycles using solid 
state NMR from the point of view of conformationally dependent chemical shifts 
[1.28-1.34]. Saito et al (1982) [1.28] reported the first C-13 CP-MAS NMR study of 
crystalline cyclohexa-amylose inclusion complexes, also known as cyclodextrins.
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Figure 1.9 shows a-cyclodextrin (a-CD.6H20) [1.35], which is a macrocyclic ring 
made up of six glucan residues with the topology of a truncated cone or ‘bottomless 
bucket’. This results in the ability to ‘host’ a variety of ‘guest’ molecules. Other CD’s 
include P-CD and y-CD which contain seven and eight glucan residues respectively. By 
separating the inclusion complexes into two groups, one of symmetric complexes, with 
potassium acetate and sodium benzene sulphonate as guests, the other of asymmetric 
complexes, with water, methanol, ethanol and propan-l-ol as guests, Saito showed 
that the range of Cl and C4 chemical shifts for the symmetric complexes was lower 
than the range for the asymmetric complexes thus, postulating a dependence of the Cl 
and C4 shifts on ring glycosidic bond conformation induced by the guest molecule.
HO
H P
H Ov
10 H
Figure 1.9. a-Cyclodextrin.6H20  [1.35]
A later study [1.30] was able to resolve the Cl (98-104ppm) and C4 (77-83ppm) 
regions into separate peaks for each nuclear site (see Figure 1.10) in the ring, adding 
further evidence for the dependence of the chemical shift of these nuclei on the
20
glycosidic link and indicating that these molecules would provide good model systems 
for an understanding of the conformational origin of these effects. In Figure 1.9, it can 
be seen that there are two water molecules in the cavity.
100
Figure 1.10. CP-MAS NMR of a-cyclodextrin hexahydrate [1.30].
Hydrogen bonding between two of the exo-cyclic ring hydroxymethyl groups and one 
of these water molecules causes one of the glycosidic linkages to be ‘strained’ and it is 
postulated to be the reason why a single Cl and C4 peak occurs to higher field than 
the others in the a-CD spectrum (Figure 1.9). There are no such anomalous features in 
the CP-MAS NMR spectra of (3-CD which has a more circular conformation and 
hence no such ‘strained’ linkage. Due to conformational averaging, the solution state 
spectra show single resonances for Cl and C4 sites.
Inoue [1.29] has attempted to clarify the molecular origin of this phenomenon by using 
the model of Grant and Cheney [1.36] which aims to predict how the C-13 chemical 
shift of a C-H bond is affected by through-space steric perturbations according to the 
formula:
A5 = -168Ocos0exp(-26.71r)
21
Where A5 (ppm) is the chemical shift difference, r is the H-H distance (nm) and 0 is the 
angle between the H-H bond and perturbed C-H bond. They chose the H1-H4 steric 
interaction and plotted a C4 shielding surface: 05-C l-04’-C4’ (4)i) vs C l-04’-C4’- 
C3’ ((J)2). Their surface does illustrate a qualitative dependence of shielding on torsion 
angle but does not reproduce it quantitatively.
A discussion of possible correlations of Cl and C4 chemical shifts with torsion angle 
data obtained from X-ray analysis is central to the work presented in this thesis. The a- 
(1—»4)-glucans provide ideal systems to suggest and test possible correlations as they 
have been the most studied in this respect. CP-MAS NMR work on a range of 
cyclodextrin inclusion complexes [1.31] illustrate/that correlations between Cl or C4 
shift versus psi (\j/) torsion angle is possible and that water of hydration can play an 
important role in macrocycle conformation, as observed from the spectra [1.32, 1.33, 
1.37, 1.41]. The prediction of the structures of A- and B- starches has been attempted 
from correlations obtained using Cl and C4 shifts of various cyclodextrins with (J>i: 
05-C l-04’-C4’ and (j)2 : C l-04’-C4’-C5’ torsion angles and a correlation of C6 with 
X‘: 06-C6-C5-C4 [1.38]. Using the complexes which include only water (aCD.6H20  
and PCD.11H20) they predict torsion angles (|)i in the range 130° to 190° for both the 
A- and B- starches compared to values from X-ray diffraction of 142° for A-starch and 
142° for B-starch which are both within the predicted range. Also, that x ‘ is 
predominantly gauche-trans (gt) in both A- and B- starches and that the influence of 
hydrogen bonding is a possibility when considering the broader C6 resonance of A- 
starch.
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Gidley and Bociek [1.39] published a comprehensive study of conformationally 
dependent a -( l—>4)-glucan chemical shifts with the aim of characterising molecular 
conformations within starch granules which has been a major influence on the work 
presented in this thesis. They observed that, for a range of compounds the C6 and 
C2,3,5 shifts occur in narrower ranges than those obtained for Cl (94-106ppm) and 
C4 (76-86ppm) and find correlations between the sum of the moduli of phi and psi (|c|)| /
+ |v[/|) vs Cl, where the parameter (|<|)| + |vj/|) is a measure of the non-coplanarity of the 
H1-C1-01-C4’-H4’ atoms and also between the modulus of psi (|\j/|) vs Cl. They 
expect that the § torsion angle would not be an important conformational determinant 
of Cl shifts as this torsion angle does not alter the relative positions of Cl and 
glycosidically linked residue. By using these correlations, they were able to model the 
shape of the Cl spectrum observed for amorphous starches, assuming an equal 
occurrence of allowed conformations in a region of (|),\|/ conformational energy space.
While publishing a correlation of C6 CP-MAS NMR shift versus hydroxymethyl group 
orientation, Hewitt et al [1.40] also proposed a qualitative correlation between 
glycosidic shifts and orientations, although they state that owing to molecular 
organisation at the glycosidic linkage, correlations between Cl chemical shifts and 
glycosidic orientation are complex. Along the same lines, Heyes et al. [1.41] point out 
that there is no way to assign individual peaks in the cyclodextrin spectra due to the 
lack of an explanation of a shielding mechanism responsible for conformationally 
dependent chemical shifts, and also caution against interpreting small differences in 
shift as being purely conformational in origin.
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1.2.2. p -(l—>4) linked glucans
This type of glycosidic linkage is illustrated in Figure 1.11.
CHjOH H OH
H
L 0
CE^OH
Figure 1.11. Illustration of a p-(l—>4) linked glucan.
Cellulose is a major component of plant-cell walls and the most abundant natural 
polysaccharide. It is a polymer of glucose, made up of repeating p-(l->4)-glycosidic 
linkages. There is a great deal of interest in the structure of native cellulose and 
reviews have been published [1.42]. Apart from X-ray studies, CP-MAS NMR studies 
also play an important role [1.43-1.44] due differences in chemical shifts between 
various crystalline polymorphs and non-ciystalline components.
Horii, Hirai and Kitamaru [1.44-1.45] have reported that a correlation exists between 
the conformation of exo-cyclic hydroxymethyl bonds and C6 C-13 chemical shifts. 
They find that gauche-gauche (gg), gauche-trans (gt) and trans-gauche (tg) 
conformations result in chemical shifts in the regions 60-62ppm (gg), 62.5-64.5ppm 
(gt) and 65.5-66.5ppm (tg). They also report relationships between C-13 chemical 
shifts of the Cl and C4 atoms and glycosidic torsion angles of p-(l—>4) linked 
disaccharides and cellulose crystalline components [1.48].
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Cellulose exists in a number of crystalline forms, ‘cellulose I’, which occurs as cotton, 
ramie or wood, ‘cellulose II’, which results from mercerization by alkali and 
regeneration from solution, ‘cellulose III’, which results from treatment with liquid 
ammonia and ‘cellulose IV’, which is prepared by heating cellulose III. Both Atalla ei 
al. [1.46] and Earl and Vanderhart [1.47] presented CP-MAS NMR studies of 
crystalline celluloses in 1980 and found interesting spectral features. Atalla’s study 
discovered that the solid state NMR spectra of cellulose I and II showed splitting of 
the Cl peak while only C4 in the cellulose II spectra showed a split. They suggest that 
this splitting is evidence of two types of glycosidic linkage being present. Their spectra 
of an amorphous sample showed broad features. Earl’s study eliminated hydration as 
the origin for broad resonances at 85ppm in the spectra of cellulose I by observing an 
identical spectrum for a dried sample. After studying relaxation times, they concluded 
that shift dispersions are due to the crystal morphology.
Evidence has been presented [1.49-1.50] on the basis of CP-MAS NMR, that native 
celluloses are a combination of two crystalline forms, which have been termed Ia and 
Ip. A key aspect of this suggestion was the variation of C4 multiplicities. A summary of 
C-13 chemical shift effects observed for celluloses is contained in Table 1.1. The Cl 
shift of the non-crystalline cellulosic form is 2ppm higher than that observed in 
solution. There is little difference for Cl between the non-crystalline and crystalline 
conformations. The C4 atom presents a more interesting situation. There is a 5ppm 
upfield shift observed between solution and non-crystalline forms while a further 4ppm 
upfield shift is observed between the non-crystalline and crystalline systems, even 
though it is thought that the non-crystalline cellulose adopts the crystalline <|),\j/
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conformation. It is hypothesised that the observed difference for crystalline C4' could 
be attributable to differences in crystal packing interactions [1.54].
Cl (ppm) C4' (ppm)
Oligosaccharides in solution (60,0) 103.5 80.0
non-crystalline cellulose (30,-30) 105.5 85.0
crystalline cellulose (30,-30) 105.5 89.0
Table 1.1. Chemical shift data for various celluloses. 
Solution data from A. Heyraud et al., Biopolymers, 18, 167, (1989)
1.2.3. Other systems
Mannan residues differ from P~(l—>4) glucans in the steroechemistry at the C2 atom. 
In mannan the -OH group at C2 is axial as opposed to equatorial. CP-MAS NMR 
studies on these systems have been presented by Gidley [1.51] and Jarvis [1.52]. There 
is a large difference in C4 shifts between mannan I and mannan II polymorphs and a 
smaller one observed for Cl.
The pectin family of polysaccharides are major constituents of plant cell walls, 
contributing to the firmness of the structure. Limited CP-MAS NMR studies show a 
broad dispersion of Cl chemical shifts for non-ordered pectin. The major structural 
feature of pectins is poly-(1^4)-galacturonic acid, Figure 1.12, with partial methyl 
esterification of the acid group. As will be seen later, a model of a -( l—>4) galactan 
was employed for the calculations as there is little difference in C1/C4 chemical shifts 
between the acid and methyl ester. A conformational analysis of a pectin acid
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disaccharide has been carried out [1.53] with the discovery of three low energy $,\\i 
conformations : I: -38.83°,-20.71°; II: -38.83°,19.29°; and III: 1.17°,39.29°.
COOH H OH
— O
OH H
OOH
Figure 1.12. Illustration of pectin
1.3. Aims of thesis
The experimental studies reviewed in this chapter provide a wide variety of 
observations of the conformational dependence of carbohydrate chemical shifts as well 
as suggested correlations of solid state NMR data with X-ray structural data. These 
correlations provide the potential for the structural determination of less ordered 
systems using NMR techniques. To complement the experimental studies this thesis 
presents a theoretical description of these conformational effects. The aims of this 
thesis are as follows: (i) Introduce the concept of model glycosidic systems as a way of 
studying conformationally dependent chemical shifts, (ii) Present a justification of their 
use. This involves two stages, firstly demonstrating the reliability of the methods used 
by reference to the current literature and secondly, using these methods to perform a 
comparison of the results of calculations carried out on the proposed model systems 
and parent disaccharides in order to assess the performance of the models in predicting 
the shielding tensors of glycosidic nuclei, (iii) Using these methods, present ab initio 
nuclear shielding calculations of the differences between the a- and P- anomers of D-
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glucose and dependence of C6 shielding on % torsion angle along with a comparison of 
the experimental trends (iv) Present the first ab initio shielding surfaces of a- and P- 
(l-»4)-glucan systems and compare the predicted trends to experimental data, (v) 
Extend the method to systems for which there is relatively little work on 
conformational dependence, but an understanding of their structure is of importance, 
(vi) Study the potential effect of hydrogen bonding on model systems, (vii) Elaborate 
on important theoretical descriptors and discuss current theories of conformational 
dependence, (viii) Provide a basis and suggestions for future work in this area.
1.4. Summary
This chapter has introduced carbohydrates as a class of biologically and commercially 
important molecules and their system of nomenclature has been outlined. The 
importance of polysaccharide shape has been discussed along with definitions of the 
torsion angles which describe glycosidic linkages. Solid state C-13 CP-MAS NMR has 
been introduced along with a discussion of experimental studies of various 
carbohydrate systems, namely, the components of starch, cyclodextrins and cellulose. 
The various experimental correlations that have been discovered have been outlined for 
the Cl, C4 and C6 nuclei. Finally, the aims of this thesis have been presented.
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2.1. Introduction
This chapter will introduce the concepts and theoretical methods that have been used 
in this project. All the calculations performed have been at the ab initio level, which 
means literally ‘from the beginning’. In theoretical terms, this is the most rigorous 
approach to the calculation with no integrals being neglected, as is the case in semi- 
empirical methods. As a result, the mathematical theory is considerably detailed and 
the aim of this chapter is to give an overview of the main elements involved in the 
calculations. At first, the principles behind unperturbed ab initio calculations at the self 
consistent field (SCF) level will be outlined along with a description of the basis sets 
that have been used. A detailed comparison of the results from these basis sets can be 
found in chapter 3. The theory behind the chemical shift will be presented along with 
the methods employed in its calculation, e.g. Gauge Included Atomic Orbitals (GIAO) 
and Individual Gauges for Localised Orbitals (IGLO) within the coupled Hartree-Fock 
(CHF) framework. Finally, as a number of different computer programs have been 
used, a summary will be presented detailing their capabilities and appropriate 
references. It is hoped that this last section will be of most use to anybody carrying out 
further work in this area.
2.2. Quantum chemistry [2.1-2.3]
2.2.1. Schrodinger’s equation
Ab initio molecular orbital (MO) theory is based upon the fundamental laws of 
quantum mechanics, one of the most basic of which is the non-relativistic time- 
independent Schrodinger equation which can be written as the following eigenvalue 
equation:
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^molec. Mhnolec. E  \ |/molec. (1 )
Where E  is the energy eigenvalue, \ | /moiec. is the molecular eigenfunction or
wavefunction and r?Coiec. is the molecular Hamiltonian which takes the form (in atomic 
units):
-  - s  ‘M  - z / A  m „v ; - z  ^  m
k n,}c n,k ?'njc
J  /  T -l 1  J  /  ^  2" .Z
+ y 2 z ~ + / /2 z - y L
k * l Vkl n*m f \ m
for a system of k,l electrons and n,m nuclei with atomic number Z. The r and R terms 
represent distances between electrons and nuclei respectively. The first term represents 
the kinetic energy of the electrons, the second term represents the kinetic energy of the 
nuclei, the third term represents the coulombic attraction between the nuclei and 
electrons, the fourth term represents the repulsion between the electrons and the last 
term represents the nuclear repulsion. This molecular Hamiltonian can be simplified 
according to the Bom-Oppenheimer approximation which states that electrons can be 
considered to be moving in a field of fixed nuclei, thus allowing the second term to be 
neglected and the last term to be considered a constant which results in the electronic
Hamiltonian r^eiec and corresponding electronic wavefunction:
^ . = - x  y 2 v i  - £  ^  + / 2 j :  -  o )
k n,k Fnk k * l  Ftf
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It is this electronic Hamiltonian that will be referred to from now on. To complete the 
description of an electron requires specification of its spatial component, (|>n and 
internal angular momentum or spin. This can be spin up (a) or spin down (p) which 
results in an electron being described by spin orbitals:
= 4,01(1) , ® , -  fa P (l)  (4)
where the bar represents a P spin orbital.
2.2.2. Slater Determinants
A further consideration is due to the Pauli exclusion principle which states that the 
electronic wavefunction must be antisymmetric (i.e, change sign) with respect to the 
interchange of any two spin orbitals.
A product of spin orbitals (or Hartree Product) does not satisfy the antisymmetry 
principle, so to ensure this quality, linear combinations of Hartree Products, written as 
Slater Determinants are employed :
% = ( « ! ) - %
; i ,
where \j/0 is the unperturbed wavefunction.
<I> <5
(5)
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2.2.3. The Hartree Fock approximation
For molecular systems, Slater Determinants are made up of molecular orbital 
eigenfunctions which are represented as linear combinations of atomic orbitals 
(LCAOs):
m
t ,  = ? : c piz p («>
P=i
where Cpi are the expansion coefficients of the basis functions (or basis set) %p. The 
determination of the Cpi coefficients is the basis of the Hartree-Fock (HF) method, the 
physical picture of which is an electron moving in the average field of the remaining 
electrons and fixed nuclei of the system. From the electronic hamiltonian, the 
unperturbed electronic energy is:
2 ± H ii+ ± ( 2 J ij- K ij)   (7)
1 = 1 i,j=l
where the first two terms represent the one electron part of r?elec and can be written 
as Hu where :
=  ( ^ 4 ) ,  =  - ^ V *  V  <8>
n nl
The two electron part of the hamiltonian is in the third term in the above expression for 
E q which contains the coulomb, Jy and exchange, Ky integrals:
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(9)
(10)
The coulomb term represents electron repulsions while the exchange term arises from 
the antisymmetric nature of the determinant.
A main element of the HF method is the variation principle, the basis of which is as 
follows, by varying a function to give the lowest average (unperturbed) energy, E0:
E 0 =
&
(% %)
(11)
the amount of the lowest energy eigenfunction in the linear combination is maximised. 
For a closed shell single-determinantal wavefunction, the variation method leads to the 
Hartree-Fock equation:
F<t>i =  e r f,
The F  term is called the Fock operator and has the form
(12)
F = H  + Z( 2JJ - K J) (13)
Since the Fock operator is itself a function of the molecular orbitals <j\ an iterative 
approach is used where an initial guess at the MOs is used to construct the Fock 
operator, which is then used to solve for a new set of MOs. A new Fock operator is
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constructed and the iterations continue until the energy of the system varies by less 
than a predetermined criterion and achieves what is termed self consistency or 
convergence, hence the term Self Consistent Field (SCF). The total unperturbed
energy is given as the sum over Hu and the sum of the Hartree-Fock eigenvalues:
= <14>
i i
2.2.4. The Roothaan Method
Numerical solutions of the Hartree-Fock equations for molecular systems are not 
practical. A method of solving the Hartree Fock equations using an expansion of basis 
functions was introduced by Roothaan in 1951. This converted the Hartree Fock 
differential equation into a set of algebraic equations which could be solved by matrix 
methods. In the LCAO-SCF approach, the aim is to calculate the matrix of expansion 
coefficients C. Substitution of the HF equation (12) into the LCAO equation (6) gives:
F ' Z C J u( l )  = e l Z C J u(D  <15>
v v
which, by multiplying by (J>/(1) and integrating results in the following matrix equation
£ C j  f/lJF^flJdr  = J f / lM /D d r  M
v n
39
From this equation, the overlap matrix S is defined thus :
(17)
and the Fock matrix F:
(18)
which results in the Roothaan equations (in matrix notation) :
FC = SCs (19)
Hence determination of the Hartree Fock molecular orbitals and energies involves 
solving the Roothaan matrix equation.
2.3. Basis Sets [2.4-2.6]
Ab initio LCAO-SCF molecular orbital calculations rely on two types of input, a 
description of the structure in the form of Cartesian co-ordinates or a z-matrix (internal 
co-ordinates) and the basis set or basis functions which are generated by calibrating 
calculations on a number of molecules.
There are a large number of basis sets in the literature which are available for quantum 
chemical calculations and deciding which type will provide the most useful results is by 
no means a trivial undertaking. The choice of basis set can greatly influence the 
reliability of the calculated result and the amount of computer time required given that 
at the Hartree-Fock level the c.p.u time increases as approximately N4 where N is the
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number of gaussian basis functions. This choice can be better informed by consulting 
review articles which compare and contrast basis set performance [2.5-2.6].
There are two main types of functional form, Slater Type Orbitals (STOs) and 
Gaussian Type Orbitals (GTOs) which are used as basis functions to represent atomic 
orbitals each having their own advantages and disadvantages.
2.3.1. Slater Type Orbitals
In spherical co-ordinates STOs have the following functional form :
^ W r - V ^ e , * )  (20)
where ^  is the STO, n,l and m are the principal, angular momentum and magnetic 
quantum numbers respectively, N is a normalisation constant, C, is the exponent (zeta), 
r, 0 and c() are the spherical co-ordinates. Y im is the angular momentum part which
describes the shape of the orbital. STOs have a similar functional form to hydrogen
atom orbitals where, c |)h ~  e ^ r.
2.3.2. Gaussian Type Orbitals
Cartesian GTOs have the following functional form :
^  = Nx'ymz"e'^2 (21)
where (j)^  is the GTO, N is a normalisation constant, Q is the exponent (zeta), x, y  and z 
are the Cartesian components, r2 = x2 + y2 + z2. Different orbital types are defined by
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using various combinations of l,m and n which, it should be noted are not quantum 
numbers. L is defined: L = I + m + n where e.g., L = 0,1,2 functions are s,p,d orbitals 
respectively, e.g., Is = Nexp(-£r2), 2p* = Nexp(-(^r2)x, 3d** = Nexp(-(^r2)x2.
2.3.3. Comparison of STOs and GTOs [2.3]
Figure 2.1 compares the radial dependence of STOs and GTOs. It is generally 
accepted that STOs exhibit superior performance at short and long range compared to 
GTOs and compare more favourably with the hydrogen orbital functional form, that is, 
GTOs do not have cusps at r = 0 as do STOs and they decay faster at larger r than do 
STOs. These factors are important in molecules because at r = 0 (i.e., on a nucleus) 
and at r = oo, the molecular potential is like that on an atom, so similar cusp and 
asymptotic behaviour are expected for molecular and atomic wavefunctions. As a 
result, a greater number of gaussian functions, known as primitives, are required to 
describe atomic orbitals usually in the form of a contraction.
GTO
0.8 -
STO
0.6 - -
0.4 - -
0.2
Figure 2.1. Radial dependence of STO’s, exp(-^r) and GTO’s, exp('£r2).
The advantage of GTOs however is that their functional form allows the efficient 
computation of the four centre two electron integrals that are required in the ab initio
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calculation. These integrals can be reduced in complexity due to the fact that, for 
example, the product of two Is gaussians on different centres is a Is gaussian on a 
third centre thus the four centre integral is reduced to a two centre integral.
2.3.4. Contracted gaussians
Gaussian primitives and are obtained from atomic Hartree-Fock calculations. Due to 
the nature of the primitives they can only describe isolated atoms and cannot describe 
the atomic distortion present in molecules thus for molecular calculations, the 
primitives are contracted in the form of a fixed linear combination resulting in 
contracted gaussian functions (CGFs) of the form :
P=i
where §CGF is the CGF, n is the length of the contraction, dp is the contraction 
coefficient and c|)GF is the gaussian primitive.
2.3.5. Description of basis sets used in this project
Nuclear shielding calculations have been performed using the STO-3G, 3-21G, 4-31G 
and 6-31G** basis sets which are available on-line [2.13]. STO-3G is a minimal basis 
set, i.e., it has one basis function per atomic orbital. Greater flexibility is obtainable 
using split-valence or double-zeta basis sets in which the atomic orbitals are split into 
two parts, an inner compact orbital and an outer, more diffuse one. Split-valence basis 
sets split only the valence orbitals whereas double-zeta also have split core orbitals. 
The term zeta refers to the Greek letter Q which represents the exponent.
n
(22)
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ST0-3G -1969 [2.7]
The STO-£G nomenclature means that each Slater Type Orbital is simulated by K  
Gaussian functions the coefficients of contraction optimised to give the best fit to the 
STO. The contraction scheme is: H: (3s)-»[ls], C,0: (6s,3p)-»[2s,lp]. This minimal 
basis sets has been shown to be effective for geometry prediction and though able to 
produce ‘quick’ results is limited in application.
3-21G - 1980 [2.8]
The 3-21G (K-LMG) split-valence basis set provides a compromise between the speed 
of STO-«G and the greater accuracy of larger sets and was generated in an effort to 
develop basis sets with fewer primitives. In this case, the valence functions are split: L 
= 2, M  = 1, i.e., a contraction of two primitives and a single primitive. The valence 
functions of this basis set were optimised with an inner shell representation of 6 
gaussians in order to prevent the collapse inward of valence-ftmctions to make up for 
deficiencies in the inner-shell region and generally ensure a good description of 
bonding interactions. The core representation was then replaced with three primitives 
without re-optimising the valence orbitals. The contraction scheme is : H: (3 s)—»[2s], 
C,0: (6s,3p)-»[3s,2p].
4-31G -1971 [2.9]
A basis set published earlier than the 3-21G set is the larger 4-31G representation, i.e., 
an inner-shell expansion of four gaussian functions and two valence shells consisting of 
three and one gaussians respectively generated by optimising all Gaussian exponents 
and contraction coefficients to give the lowest Unrestricted Hartree-Fock energy for
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the atomic ground state. The contraction scheme is : H: (4s)-»[2s], C,0: 
(8s,4p)->[3s,2p].
6-31G** -1972 [2.11-2.12]
The aim of this basis set is to approach the Hartree-Fock limit and obtain greater 
accuracy. It was concluded that for the 6-31G basis, improving the inner-shell 
description lowers the calculated total energy but calculated relative energies are not 
altered significantly. The 6-31G basis set can be augmented by polarisation functions 
(*), which have higher values of L than those present in the occupied orbitals for the 
corresponding atom. The contraction scheme for 6-31G** is: H: (4s,lp)—>[2s,lp], 
C,0: (10s,4p,ld)-»[3s,2p,ld]. The polarisation functions (*) and terminology are 
added according to the following convention: one star *, corresponds to polarisation 
functions on all ‘heavy atoms’. In the above case, for carbon and oxygen polarisation 
functions are d functions where, £ = 0.8 and d  = 1.0. Two stars, **, corresponds to 
polarisation functions also on hydrogen which are p functions where £=1 .1  and d  = 
1. 0 .
Two Huzinaga [2.14] basis sets have been used within the IGLO programs, These are 
known as the ‘Double Zeta, or DZ’ and ‘IGLO II’ basis sets. The contraction scheme 
for the DZ set is (7s3p) —» [4s,2p] for the C,0 atoms and (3 s) -> [2s] for the H atom. 
The IGLO II basis set includes polarisation functions and has the following contraction 
scheme: (9s5p) —» [5s4p] augmented by a d function (exponent = 1.0) for C,0 and a 
(5s) basis augmented by a p function (exponent = 0.65) for the H atom.
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2.4. Theory of nuclear shielding [2.15]
Nuclear shielding is a second order property of molecules which results from the 
interaction of an applied external magnetic field, B with the nuclear magnetic moment, 
p, as is the case in the NMR experiment. In this situation, the energy of a magnetic 
moment can be represented thus :
(23)
where the first term represents the coupling of the applied field to the bare moment and 
the second term represents the coupling of the moment to the effective magnetic field, 
-c.B. This second term contains the nuclear shielding tensor, a  which is a nine 
component asymmetric (ap ^  pot) second rank tensor:
xxxyxz  
yxyyyz  
zxzyzz
(24)
It is asymmetric due to its coupling of two physically distinct quantities such as the 
magnetic moment and magnetic field. It can be separated into its symmetric, c apS and 
antisymmetric, a aPA components as follows:
<jL =  +  c r „ l  , erf „ =  | <y — (7 ,~  / 2 \ Pa)  ■ ap ~  /  2  V aP Pa)  (25,26)
The observed NMR spectrum depends only upon the symmetric part of the shielding 
tensor which can be diagonalized to give the principal components and principal axes 
of the tensor:
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°"«/J —
a 11 00 00 
00 a 22 00 
00 00 a 33
(27)
The principal axes are generally defined by direction cosines with respect to the 
molecular co-ordinate system. The isotropic shielding, <jiso is reported as the trace of 
the shielding tensor:
^iso ~  u  +  **22 (28)
The anisotropy of the shielding tensor, Aa is reported as :
A c t  =  cr33 -  {c7n  +  (J22)  , where, <j 33 >  °~22 >  (29)
The total shielding, a  can be considered to be a sum of diamagnetic, ct0 and 
paramagnetic, c / parts:
<j = a D + <j p (30)
where the g d can be thought of as referring to an increase in nuclear shielding while 
the gp refers to a decrease in shielding.
It is important to note that when comparing experimental chemical shifts with 
theoretically calculated nuclear shielding the scales are opposite in nature, i.e., an 
increase in chemical shift corresponds to a decrease in nuclear shielding.
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2.4.1. Quantum mechanical calculation of a
Historically, the calculation of nuclear shielding was formulated by Ramsey in 1950 by 
using second order Rayleigh-Schrodinger sum over states (SOS) perturbation theory.
perturbation methods to calculate the shielding tensor. This section will contain an 
overview of the background theory.
The electronic Hamiltonian for a molecule in the presence of a time independent 
magnetic field, B  is (in atomic units):
The magnetic field enters the hamiltonian through the vector potential, Au  where:
the first term represents the contribution from the magnetic field, the second term 
represents the contribution from the magnetic moment. The distance is from the
nuclear magnetic moment to the electron causing the shielding. The origin of the 
vector potential is also known as the gauge origin. The coulomb gauge is normally 
employed in calculations of this type:
All the computer programs used in this project have used coupled Hartree Fock (CHF) 'f-
(31)
(32)
Ak = Q/2  B x  rk)+ O  x  rk!rk) (33)
V .4  = 0 (34)
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The expression for the vector potential is substituted into that for the electronic 
hamiltonian to give the hamiltonian operator in the presence of an applied magnetic
field :
where is the electronic hamiltonian in the absence of an applied magnetic field and
the r?^ /_3 terms are small ‘corrections’ required in the presence of the magnetic field
which are calculated by perturbation theory. The a,p subscripts refer to the Cartesian 
components x,y,z and the term is the electron orbital angular momentum operator.
Recalling (from 2.4) that the energy of a molecule in a magnetic field depended upon a 
term (c*p*B) containing the shielding tensor, the second order energy is calculated 
using terms which are linear in the applied magnetic field and nuclear magnetic 
moment. The outcome of these considerations is the definition of the Ramsey 
equations containing diamagnetic, oapD and paramagnetic, oapP terms:
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(36,37)
within the sum over states perturbation theory framework, where 5ap is the kronecker 
delta (Sap = 1 i f  a=p else 8ap = 0). The total shielding, as mentioned previously is the 
sum of the diamagnetic and paramagnetic components:
The negative sign in the paramagnetic term indicates that it acts in the opposite
operator, it will be zero for s electrons. It should also be noted that the diamagnetic 
term depends only upon the ground state wavefunction while the paramagnetic term 
depends on both the ground state and excited states.
Difficulties are associated within the sum over states perturbation theory framework 
with regards to estimation of the excitation energies. As a result, an alternative method 
can be employed termed finite perturbation theory (FPT). In this method, components 
of the shielding tensor are evaluated from:
(38)
direction to the diamagnetic term, also, as c? contains the orbital angular momentum
(39)
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Within the coupled Roothaan Hartree Fock method (CHF), the first order density 
matrix is evaluated numerically by using a finite difference technique. The perturbed 
MO’s are expanded in terms of unperturbed atomic orbitals:
<  =  (40>
n
and the effect of the perturbation upon the molecular orbitals is described in terms of 
changes in the atomic orbital coefficients. The shielding tensor is given by:
i_
2c‘ r ~3( r ' r S a p - rarp)\</>o)fii u
1
2
H v
occ
2c
p(0) _  p(0)p(0)
fill) -Z-f ^  filj ^ v j
J
occ , v
p(i) — IS? (n(0)r<(i) _n(i)n(°)\
fiiD 2 L i\^ fii j  vj ^ fig ^ v j  )
(41,42,43)
2.4.2. Gauge dependence
The result from a nuclear shielding calculation should be independent of the choice of 
gauge origin. In the limit of a complete basis set, the coupled Hartree Fock 
approximation has been shown to be gauge invariant. Unfortunately, this level of basis 
set is unattainable for all but the smallest systems. There are a number of ways of 
getting around this problem, of which, two will be detailed here as they have been 
employed in the computer programs used.
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The first method is termed the ‘gauge included atomic orbital’ method or GIAO
[2.20]. This technique employs expansions of atomic orbitals with an explicit gauge 
dependence through the use of a complex exponential gauge factor:
Xn =  <Pn  exp (-(ie/%) A . r) (44)
as a result, gauge invariance is ensured in the results. The second method employs 
‘individual gauges for localised orbitals’ and is known as IGLO [2.23-2.26]. 
Essentially, the CHF equations are solved in a localised basis set of molecular orbitals 
each of which has the gauge origin at its centre of charge.
2.5. Methods for large system calculations
The literature contains a number of methods which may be employed for shielding 
calculations on large systems. The locally dense basis set [2.16] method employs a 
mixture of basis sets of different quality. The largest basis set is placed on the atom of 
interest while the remaining atoms have a smaller set placed upon them. The direct self 
consistent field (DSCF) method [2.17-2.18] overcomes the traditional two-electron 
integral computation bottleneck by re-calculating these integrals at each SCF iteration. 
The basis of this method is that as computer processor power has increased, the 
input/output (I/O) efficiency has remained fairly constant so it is more efficient to re­
calculate integrals than to store them temporarily on hard disks. A further method of 
splitting the shielding term into contributions from short range (electronic 
components), electric (due to electrostatic polarisation) and magnetic (e.g., ring 
currents and magnetic anisotropies) interactions has been employed [2.19] for studies 
on proteins. The DSCF method has been used widely in this project.
52
2 . 6 . Computer programs
A number of different computer programs from various sources have been used 
throughout the course of this project. This section will provide a summary of the main 
features pertinent to nuclear shielding calculations as a guide to future workers in this 
area.
The TX90/TX94 program as developed by Pulay [2.20] employs the GIAO method 
within a CHF framework. The later versions of the program allow for direct or semi- 
direct calculations. Output from this program, apart from the usual SCF energy and 
eigenvectors, includes the diamagnetic and paramagnetic components of the total 
shielding tensor, the principal components along with the direction cosines with 
respect to the molecular frame. Calculations not run as direct or semi-direct will 
require large amounts of disk storage, although this is temporary and automatically 
removed at the end of the run unless it is aborted.
The Turbomole/TurboNMR package as distributed by BIOSYM Inc. was evaluated 
over a 3 month period. It employed GIAOs within the CHF framework and output 
contained the diamagnetic, paramagnetic and disturbed paramagnetic components of 
the shielding tensor. It does not output principal components or direction cosines 
which can be calculated manually from the symmetric component of the total shielding 
tensor.
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The Gaussian94 package [2.21] was implemented on a Silicon graphics workstation. It 
allows nuclear shielding calculations using the GIAO, individual gauge for atom in 
molecules, IGAIM and density functional theory, DFT methods, although I have only 
employed the GIAO technique. This program gives results for the nuclear shielding 
which are identical to those obtained using the TX94 program. The nuclear shielding 
data contains the total shielding tensor and principal component values although no 
direction cosines or diamagnetic / paramagnetic components. Also, the shielding tensor 
is calculated with respect to the standard orientation - see chapter 3, particularly the 
comparison of calculations of the icosahedral tensor representation. This package is 
useful for calculating a wealth of other molecular properties such as various types of 
population analyses and orbital localisation. It’s output can be visualised using 
programs such as MOLDEN [2.22] as long as you enter the right options at the 
beginning (consult relevant operating manuals for details).
The IGL092 [2.23-2.25] and DIGLO [2.26] programs calculate the nuclear shielding 
using the IGLO methods. DIGLO employs direct methods and thus allows calculations 
using larger systems and/or basis sets than the standard IGL092 package. Both 
programs efficiently calculate the total shielding, diamagnetic, paramagnetic, principal 
components and principal axes with respect to the molecular frame. Also, the 
diamagnetic or paramagnetic contributions to localised core and bonding orbitals are 
output - adding a further dimension to the results.
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2 .7 . Summary
This chapter presented an overview of the theoretical methods used to calculate the 
nuclear shielding tensor at the ab initio level. The molecular hamiltonian was 
introduced along with the Born-Oppenheimer approximation which allows the 
formation of a simpler electronic hamiltonian by assuming that the nuclei are fixed in 
their positions. Spin orbitals were presented and the implication of the Pauli principle 
discussed resulting in the formation of Slater Determinants. The Hartree-Fock 
approximation was outlined along with the linear combination of atomic orbital method 
proposed by Roothaan. Basis set theory was summarised along with a comparison of 
Slater type orbitals with gaussian type orbitals and an overview of contractions of 
primitive gaussian functions.
The nuclear magnetic shielding tensor was presented along with a description of it’s 
various components. The quantum mechanical perturbation theory was outlined in 
terms of the Ramsey approach using perturbation theory, by introducing the 
hamiltonian in the presence of a magnetic field and the concept of the vector potential. 
The drawbacks of this sum over states method were mentioned along with the 
alternative finite perturbation theory approach to the problem within the coupled 
Hartree Fock framework. Finally, the various computational packages that have been 
used were summarised.
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3.1 Introduction
This chapter will present the results of calculations carried out on the methyl-a-D- 
glucopyranoside molecule (Figure 3.1) with the aim of comparing calculated shielding
These results of these calculations will allow a comparison of the theoretical methods 
used in this project, i.e., the GIAO and IGLO methods at the 3-21G, 6-31G, IGLO-DZ 
and IGLO-II basis sets. Current studies from the literature are extended to include the 
results from IGLO calculations.
Also in this chapter, the rationale behind the use of model systems will be presented 
along with a description of the systems used in this project. To justify their use, a 
comparison of the results of shielding calculations of the model system and 
corresponding disaccharide structures are presented. Diagrammatic representations of 
the orientations of the principal components of the Cl and C4' shielding tensors are 
included. A further basis set dependence study will be presented for the model a- 
(1—»4)-glucan system, in this case, variation of the Cl and C4' total shielding 
calculated using the STO-3G, 3-21G, 4-31G, 4-31G* ,6-31G, and 6-31G** basis sets 
at the following glycosidic torsion angles: <|) = 0.0°, \\r = 0.0°.
values with experimental chemical shift data and theoretical values from the literature.
c h 2o h
o
H OH 
Figure 3.1. Methyl-a-D-glucopyranoside.
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3.2. A comparison of theoretical and experimental results
Obo [jxfcS
In order to illustrate the reliability and reproducibility of the theoretical methods used 
in this work, a similar study to that of Grant et al [3.9a] has been performed. They 
used TX90 for their calculations whereas TX90, Gaussian 94 and IGLO results are 
presented here.
3.2.1. Method
Calculations were performed on the methyl-oc-D-glucopyranoside structure as 
determined by neutron diffraction (CCDB refcode: MGLUCP11) [3.10]. Calculated 
shielding tensors were compared to the experimentally determined tensors [3.11] 
using the icosahedral tensor representation introduced by Alderman, Sherwood and 
Grant [3.12] to ensure a consistent comparison with the calculations presented in 
[3.9a]. The icosahedral representation was suggested by Alderman et al as it was 
found that tensors could be determined experimentally using an optimum of six 
orientations of the magnetic field and that this representation was particularly suitable 
for comparing experimental and theoretically determined tensors.
3.2.2. Results and discussion
The shielding tensors of the methyl-oc-D-glucopyranoside molecule were calculated 
using the following methods :
TX94: 3-21G, 6-31G; IGLO: DZ, Basis II; Gaussian94: 6-31G
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Of these methods, a direct comparison of the results with those of Grant et al [3.9a] is 
possible for the TX94 calculations. The icosahedral tensor representation was 
obtained from the principal-component and principal-axes (direction cosines) 
representation by using the following formulae [3.9a]:
8j = (al} - bm1)2bu + (al2- bm2)2822 + (al^-bm^)2533
82 = (ali + bmj)2bn + (al2+ bm2) 2h11 + (al3 + bm3)2d33
2 2 283 = (ami ~ bnj) Sn + (am2- bn j S22 + (am3- bn3) S33
2 2 284 = (am j + bn j) 8n + (am2+ bn j S22 + (am3 + bn$) 833
85 = (anj - blj)2bu + (an2- bl^h^i + (an3- bls)2^ 33 
86=  (an} +  bl])2&n +  (an2 +  b l^b j 2  +  ( a n  3  +  b l^ b  3 3
where 8n is the nth icosahedral component, the principal values are Sn , 822 and 833,. 
and the direction cosines of the i h principal axis are (, mt and nt. a and b are the
geometrical constants a = cos (|) = 0.8507 and b = cos (|> = 0.5257, where <|) = 31.72°
which is one half of the angle subtended by two adjacent icosahedral vertices.
The theoretical icosahedral shielding tensors and experimental icosahedral shift 
tensors are compared graphically in Figure 3.2. The lines running through the series 
represent linear regressions, in order to quantify the correlation between the two sets 
of data. The results of the regression analysis are presented in Table 3.1, while those 
from the literature [3.9a] are presented in Table 3.2.
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Method / Basis Slope Intercept (ppm) R2
TX90/3-21G -0.9134 219.77 0.9356
TX90/6-31G -0.9863 214.1 0.9353
IGLO/DZ -0.9143 228.07 0.9368
IGLO/II -0.9972 201.36 0.9452
Table 3.1. Statistical data for regression analysis (this work)
Method / Basis Slope Intercept (ppm) R2
TX90/3-21G -0.936 220.8 0.966
TX90/6-31G -0.994 214.8 0.966
Table 3.2. Statistical data for regression analysis (from Grant et al [3.9a]).
The results from this work are in good agreement with the literature values for the 
TX90 calculations, particularly the values for the intercept on the theoretical axis, 
with no comparison being possible for the IGLO data. The negative slope results from 
the opposite nature of the chemical shift and shielding scales. It can be seen that the 
agreement (which is indicated by a 'goodness of fit' parameter - R ) remains fairly 
consistent with variation of basis set and that the magnitude of the absolute shielding 
decreases in the order:
IGLO(DZ) > TX90/94(3-21G) > TX90/94 (6-31G) > IGLO (II).
Given the nature of the basis sets (chapter 2), this trend provides a useful comparison 
of the performance of the IGLO basis sets with the split-valence Pople sets.
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Using the results from the regression analysis, it is possible to calculate a theoretical 
chemical shift value by rearranging the equation of the line of 'best fit'. For example, 
for the TX90/3-21G calculation, the equation is:
y = -0.9134x + 219.77
where y  is the theoretical axis and x is the experimental axis. Rearranging to obtain a 
value for x gives:
x = (y-219.77) 7-0.9134
where x is the theoretical chemical shift value for a given theoretical shielding value, 
y. Following the example presented in [3.9a], icosahedral chemical shift data is 
presented in Table 3.3 for the C2 nucleus of methyl-oc-D-glucopyranoside.
Calc. S ll $22 $33 $44 $55 $66
E x p .  [ 3 . 1 1 ] 69.0 69.9 55.4 69.4 82.9 86.2
TX90/3-21G 69.7 69.6 56.0 77.0 87.4 85.5
TX90/6-31G 70.7 70.2 55.5 74.6 87.6 84.2
IGLO / DZ 69.6 68.5 55.8 71.6 82.2 80.0
IGLO/II 71.3 71.7 55.0 72.1 87.9 85.2
Table 3.3. Icosahedral chemical shift tensors for the C2 nucleus of 
methyl-oc-D-glucopyranoside. (All values in ppm)
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Figure 3.2. Icosahedral theoretical nuclear shielding values vs. experimental 
icosahedral shifts for methyl-a-D-glucopyranoside
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These icosahedral tensors can then be compared by calculating the rms distance 
between them, thus:
rms = (1/6 ((&'„ - 5V  + (S‘n  - 8 V  + (S'„ - S23f  + (S'„ - &2J  + (S‘ss - S2s/  + (b‘66 - h2J ) ) m
where 8”,„„ represent- the mm components of the n icosahedral tensor. The rms 
distances of the above theoretical tensors from the experimental tensors are presented 
in Table 3.4, illustrating a fairly close agreement between this work and the literature 
for the TX90/6-31G case, but that the IGLO results are consistently closer to the 
experimental data.
Method rms distance (ppm): this work / literature
TX90/3-21G 3.64 / (n/a)
TX90/6-31G 3.06/3.16
IGLO/DZ 2.78 / (n/a)
IGLO/II 2.66 / (n/a)
Table 3.4. rms distances between theoretical and experimental shifts for C2 
of methyl-oc-D-glucopyranoside.
The calculation carried out using the Gaussian94 program gave a very different result 
for the regression analysis due to the way it operates. It converts the input geometry 
into a ‘standard orientation’ which has the centre of the molecule’s nuclear charge at 
the origin. The regression analysis for the G94 results is presented in Figure 3.3.
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Figure 3.3. Correlation between G94/6-31G and experimental 
icosahedral tensors (ppm).
The dramatic difference between the regression analyses illustrates clearly the 
dependence of the icosahedral representation on molecular orientation as a regression 
between the experimental shift and theoretical isotropic shielding values gives the 
result in Figure 3.4 with an R value of 0.96, indicating good agreement.
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Figure 3.4. Regression of G94 / 6-31G isotropic shielding vs. 
experimental shift (ppm).
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Further data is available from the IGLO calculations on the localised paramagnetic 
bond contributions. This is presented in Table 3.5, along with the diamagnetic 
contribution, for the Cl nucleus.
Basis Diam. C l-05 C1-C2 CDOgly Cl-HI lp 05 1P Og]y
DZ 200.85 -13.58 -19.11 -14.87 -16.47 0.41 0.57
II 200.94 -20.70 -29.76 -22.21 -23.82 0.71 0.98
Diff. 0.09 7.12 10.65 7.34 7.35 0.3 0.41
Table 3.5. Localised molecular orbital bond contributions to the Cl nucleus 
of methyl-a-D-glucopyranoside calculated with the DZ and II basis sets.
While the diamagnetic contribution remains virtually constant on going from the DZ 
to the II basis set, there is an overall increase in the paramagnetic contributions. This 
increase is very similar, around 7ppm for all the bonds to Cl except for the C1-C2 
bond which has a difference of 10.65ppm. The contributions to the Cl shielding from 
the lone pairs on the pyranose ring oxygen, 05 and glycosidic oxygen, OgIy are also 
included to illustrate what effect the addition of polarisation functions to the basis set 
has on these values. It is significant to note that there is very little change in 
contribution from the lone pairs on either oxygen on increasing the sophistication of 
the basis set.
The orientation of the principal axis of the shielding tensor of the Cl nucleus is 
illustrated graphically in Figure 3.5. Three diagrams are presented to cover all the 
combinations of the 11/22/33 planes, where the 33 component is taken to be the most
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shielded. The calculated orientations are in excellent agreement with the experimental 
findings of Sastry et al [3.11] who find that the 33 component is roughly parallel to 
the C l-01 bond, the intermediate 22 component is along the C l-05 bond direction 
and the 11 component is nearly perpendicular to the 05-C1-01 plane.
Through a comparison with experimental and theoretical data from the literature, the 
methods employed in this project have been found to provide results which are 
consistent with the literature, thus providing a firm grounding for the following 
calculations on model systems. The IGLO method has been employed to extend the 
scope of the current literature studies.
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Figure 3.5. Orientation of Cl principal axes in methyl-oc-D-glucopyranoside
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3.3. Model glycosidic systems
The size of biological polymers, such as polysaccharides is a disadvantage when using 
quantum chemical methods due to the large number of electron-electron repulsion 
integrals that have to be calculated and the choice of basis set necessary to give 
reliable results. The methods outlined in chapter 2, e.g., the DSCF method, combined 
with the use of model compounds provide a way of being able to study these 
important systems.
Nuclear shielding calculations on model peptide systems to provide insight into 
protein NMR are well founded with several examples appearing in the literature [3.1- 
5]. A series of ab initio calculations that have been performed on model carbohydrate 
systems have been used to study the anomeric effect [3.6-8], using methanediol, 
methoxymethanol and dimethoxymethane to model the acetal moiety. The only 
examples of ab initio nuclear shielding calculations of carbohydrates that have 
appeared in the literature have been on sucrose, methyl-a-D-glucopyranoside [3.9a], 
fructose, sorbose, xylose [3.9b] and rhamnose [3.9c], all with the aim of comparing 
experimentally determined tensors with calculated ones.
The aim of this part of the project is to study the effect of glycosidic conformation on 
the Cl and C4 chemical shifts. Due to the local nature of nuclear shielding, which 
depends upon the r’ term, where r is the distance from the nucleus to the electron 
causing the shielding, it seems reasonable to base a model system on the region 
directly around the glycosidic linkage (Figure 3.6, 3.7).
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Figure 3.6. Model system for a-(l-»4) glycosidic linkage.
H
OH CH2OH
Figure 3.7. Model system for p~(l—>4) glycosidic linkage
The model systems presented for the a-(l-»4)-glucan and p-(l-»4)-glucan glycosidic 
linkage are based upon the structures of the maltose and cellobiose disaccharides 
respectively. To limit the size of the ab initio calculations, the C3, C5, C2’ and 0 5 ’ 
nuclei have been replaced by a H atom. The model systems have not been subjected to 
any geometry optimisation methods so that the local conformation of the disaccharide 
glycosidic region is maintained.
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3.3.1. Method
In order to compare results obtained using a model system with those obtained for a 
disaccharide, nuclear shielding calculations have been performed using the GIAO and 
IGLO SCF methods. GIAO calculations were performed using Gaussian94 with the 6- 
31G split-valence basis set while the IGLO calculations were performed using the 
DIGLO program at the DZ basis set level.
The geometry of the phi ((J>) and psi (vj/) glycosidic torsion angles of the model-a- 
(1—>4) system were set to those observed by neutron diffraction analysis of p-maltose 
[<|> = 4.87°, \jj = 13.21°] while the disaccharide geometry used was that of p-maltose as 
obtained from the CCDB [3.13], refcode: MALTOS11. For the model p-(l—>4) 
system, the glycosidic torsion angles were set [§ = 42.31°, ij/ = -17.88°] to those 
observed from a study on p-cellobiose, the geometry of which was used for the 
disaccharide [3.14], CCDB refcode: CELLOB02.
3.3.2. Results and discussion
The SCF energies for both the GIAO and IGLO calculations are presented in Table 
3.6, and a summary of the GIAO and IGLO nuclear shielding results are presented in 
Tables 3.7 and 3.8 respectively. The SCF energies of the model systems are, as 
expected, approximately half of those of the disaccharides given that they contain a 
smaller number of atoms. Comparing the values for the isotropic shielding, both 
GIAO and IGLO results have Cl to lower absolute shielding than C4' with a
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difference between Cl and C4' of around 20ppm which is in agreement with 
experimental trends.
System SCF Energy (a.u)
6-31G DZ
p-maltose -1290.07545639 -1288.6771102035
a-model -609.358780882 -608.6960318922
p-cellobiose -1289.95036318 -1288.5397862800
P-model -609.309264699 -608.6439942535
Table 3.6. SCF energies for model / disaccharide comparisons.
System Cl C4’
11 22 33 iso 11 22 33 iso
P-maltose 97.38 109.71 131.62 112.9 112.32 115.03 177.79 135.05
a-model 97.39 108.60 133.23 113.07 115.18 118.76 175.32 136.42
P-
cellobiose 98.0 116.87 136.16 117.01 111.84 122.35 178.09 137.43
P-model 101.99 122.76 134.56 119.77 111.12 126.26 172.91 136.76
Table 3.7. Summary of GIAO 6-31G results for a/p-(l—»4)-glucans (all ppm).
The absolute values of isotropic shielding for the Cl and C4' atoms compare very well 
between each model and disaccharide system. The greatest differences between the
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two systems are observed for the magnitudes of the individual tensor components, 
but, given the nature of the comparison this is not unexpected.
System Cl ___________ C4’
33 22 11 iso 33 22 11 iso
P-maltose 149.44 131.23 112.56 131.08 195.73 138.57 133.20 155.84
a-model 152.22 128.87 112.65 131.24 193.06 142.14 139.95 158.38
P-
cellobiose 154.62 136.20 115.84 135.55 198.04 142.12 136.60 158.92
P-model 155.55 140.88 120.35 138.92 193.01 147.03 137.66 159.23
Table 3.8. Summary of IGLO DZ results for a/p-(l—»4)-glucans (all ppm).
Figures 3.8 and 3.9 illustrate the principal axes of the shielding tensors calculated for 
the Cl and C4' nuclei of the a-(l-»4) and P-(l—»4)-glucan systems. They are in the 
same orientations for both the model and disaccharide systems, except for the model 
a -( l—»4)-glucan where the labelling of the C4' 11 and 22 components are 
interchanged. This is most likely due to the fact that these components are the closest 
in magnitude.
Comparative calculations on the model and corresponding disaccharide systems 
indicate that the models are able to reproduce the Cl and C4' nuclear shielding tensors 
of the 'real' molecules, confirming the suggestion that these model glycosidic linkages 
should be suitable for a study of chemical shift effects.
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3.4. Basis set dependence
The choice of basis set is an important consideration for nuclear shielding 
calculations. It is therefore important to study how this quantity varies with a number 
of basis sets, in this case the Pople style STO-3G, 3-21G, 4-31G, 4-31G*, 6-31G and 
6-31G** sets (which are described further in chapter 2).
3.4.1. Method
The model-a-(l->4)-glucan system, with glycosidic torsion angle settings of <|) = 0.0° 
and ijj = 0.0° was employed for this study. Shielding calculations were performed with 
the basis sets mentioned above.
Basis s e t
C1
C4
Figure 3.10. Basis set dependence of Cl and C4’ total shielding 
in the a-(l->4)-glucan model system.
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3.4.2. Results and discussion
The results for the Cl and C4f total shielding are presented in Figure 3.10 as a 
function of basis set. The experimental C1/C4' trend is reproduced, with a consistent 
difference of around 20ppm between the two nuclei for all basis sets. The much 
smaller and 'unsophisticated' STO-3G basis produces the largest numbers, with a 
steady decrease through the split 3-21G set to a state of almost convergence of the 
results of the larger sets. It is interesting to note that the 4-31G basis set gives lower 
numbers relative to the larger 6-31G set even thought the SCF energy is smaller in the 
6-31G result (4-31G/-608.72 a.u, 6-31G/-609.34 a.u).
Rohlfing et al.[3.15] compared proton and carbon-13 chemical shifts calculated with 
the 4-31G and 6-31G* basis sets with experimental data. They found that the 4-31G 
set gives ‘excellent’ results for the range of compounds tested, that using 6-31G* does 
not significantly improve the agreement with gas-phase data, and that the addition of 
polarisation functions is not necessary to achieve satisfactory agreement on a relative 
scale. Chesnut and Foley [3.16] investigated the effect on calculated carbon-13 shift 
of minor increases of flexibility in e.g., the 4-31G basis set. Their ‘CF-P’ basis set is 
a variation on the Pople 4-31G basis set. They add d polarisation functions to the 
heavy atoms and alter the contraction to : H: (211)—>[3s], C: (4211,211,l)-»[4s,3p,d]. 
They obtained the following carbon-13 shielding results for methane : 197.2ppm (CF- 
P) compared to 204.8ppm (4-31G) and 197.4ppm experimental.
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Calculations performed on model carbohydrate systems are in agreement with the 
literature in that the total shielding is improved very little after reaching a certain basis 
set level. All basis sets studied give results with similar trends in C1/C4' difference.
3.5. Summary
Three aspects of the use of model systems in a study of carbohydrate nuclear shielding 
calculations have been presented in this chapter. The reliability and reproducibility of 
the methods has been confirmed by comparing the results of our calculations on the 
methyl-oc-D-glucopyranoside molecule with those in the literature and finding good 
agreement. A comparison with experimental chemical shifts through the use of the 
icosahedral representation and the orientation of the principal axes of the shielding 
tensor also agrees well.
To support the use of model systems, calculations to compare the results of the
models with those of the 'parent' disaccharide have been presented. The models have
been found to reproduce well the magnitude of the Cl and C4' isotropic nuclear
shielding values as well as the orientation of the principal axes system, although the
labelling of the C4' a 11 and a22 components is interchanged for the a-(l->4)-glucan
model and disaccharide, probably due to the symmetric nature of the C-C bonds at the
11 22C4' atom resulting in a  and ct values which are very close in magnitude. The 
chapter concludes with a study of basis set dependence, the most important results of 
which are that all sets studied reproduce the relative experimental C1/C4' trends and 
that the shielding values approach convergence with the largest basis sets.
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4.1. Introduction
This chapter will start with a set of shielding calculations performed on the D-glucose 
molecule. The dependence of shielding on the a  or p anomeric forms will be 
investigated and a theoretical study of the shielding dependence of the exo-cyclic H5- 
C5-C6-06, % torsion angle is presented. Both sets of results are discussed in the 
context of experimental data. The main body of this chapter will present the results of 
calculations performed on the model a- and p-(l-»4)-glucan systems (as the bulk of 
experimental C-13 CP-MAS NMR results concern these molecules) in order to 
provide an insight into the nature of the conformational dependence of the Cl and C4' 
atoms. These techniques are then applied to other systems of interest
4.2. The a- and P- anomers of D-glucose
4.2.1. Method
The geometries for a-D-glucose and p-D-glucose were obtained from the Biopolymer 
model builder module of the Insight package (Biosym). The exo-cyclic % torsion 
angle was in the Trans-Gauche (TG) conformation. Shielding calculations were 
performed at the 3-21G basis set level using the Turbomole/TurboNMR programs.
4.2.2. Results and Discussion
The resulting SCF energies are as follows: a-D-glucose, -679.52466876268a.u. and 
p-D-glucose, -679.52781102703a.u. Given that la.u is approximately equal to 627.5 
kcal mol’1, these results indicate that the p-anomer is more stable by 2 kcal mol"1. The
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absolute chemical shielding data is presented in Table 4.1 and is compared with 
experimental data from [4.1] which is tabulated as a change in chemical shift.
Carbon a-D-glucose p-D-glucose calc. A exp. A [4.1]
Cl 129.64 126.88 2.76 3.9
C2 150.54 146.36 4.18 2.7
C3 150.01 147.17 2.84 2.9
C4 146.68 146.33 0.35 0.0
C5 152.90 148.27 4.68 4.6
C6 154.95 155.06 0.11 0.0
Table 4.1. Comparison of the C-13 shielding of a  and p anomers of D-glucose
Experimentally [4.2], the chemical shift of the Cl,2,3 and 5 atoms of a-D-glucose 
occur between 2.5-4.5ppm upfield of the p- form. This is reproduced theoretically by 
the corresponding a- form nuclei exhibiting an higher absolute shielding value than 
those of the p- form. Although the calculations predict a larger change in shielding on 
the C2 atom and not the anomeric Cl atom, the general trend of a lower difference 
occurring further away from the Cl atom is reproduced with low changes predicted 
for both the C4 and C6 nuclei.
4.3. The exo-cyclic % torsion angle of D-glucose
Horri [4.3-4.4] has presented a correlation between the conformation of the exo-cyclic 
hydroxymethyl group and the C-13 chemical shift of the C6 atom. He found that the 
gauche-gauche (gg), gauche-trans (gt) and trans-gauche (tg) conformations result in
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C6 chemical shifts occurring in the following regions: 60-62ppm (gg), 62.5-64.5ppm 
(gt) and 65.5-66.5ppm (tg).
4.3.1. Method
The exo-cyclic torsion angle %, (H5-C5-C6-06) was set to each of the above 
conformations and the nuclear shielding of the C6 atom calculated at the 4-31G basis 
set level using the TX90 program.
4.3.2. Results and Discussion
The results are presented in Figure 4.1. which show that the absolute shielding 
increases, and hence chemical shift decreases in the order tg, gt, gg which agrees with 
the experimental correlation.
Figure 4.1. Variation of C6 atom shielding with %.
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4.4. A  GIAO study o f the C l shift vs \|/ correlation
In a CP-MAS NMR study of a range of a-(l-»4)-glucan molecules, Gidley [4.5] has 
discovered a correlation between the Cl chemical shift and the modulus of the psi (v|/) 
torsion angle. Chemical shift data was used from a- and P- cyclodextrins, A- and B- 
amylose and amylose inclusion complexes. As is pointed out in Gidley's paper, the psi 
torsion angle alters the position of the atoms joined to C4' relative to Cl. A theoretical 
study employing both the GIAO and IGLO methods is presented here.
4.4.1. M ethod
The model-a-(l-»4)-glucan linkage was employed for this study. For the GIAO 
method, a range of basis sets was used, allowing further insight into the basis set 
dependence. The glycosidic c[),\j/ torsion angles were initially set to zero and a 
shielding calculation performed using the TX90 program. The \|/ torsion angle was 
then varied, in 10° steps up to +70° and -60°, these values being the reasonable limits 
of an allowed conformational region. The geometry of the model system was not 
optimised at each torsion angle step, in order to ensure that only the effect of a change 
in torsion angle on the calculated shielding value would be observed. This point has 
been discussed by De Dios and Oldfield [4.6] who, by using ethane as a test molecule, 
determined that approximately 100% of the observed change in shielding was due to a 
change in torsion angle alone. At extreme torsion angle values, e.g. ±60°, steric 
interactions have been minimised by a slight change in the geometry (e.g. bond or 
torsion angles) of the groups concerned, but there was no alteration of the glycosidic 
torsion angles.
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4.4.2. Results and discussion
The results are presented in Figures 4.2 and 4.3. for variation of Cl and C4' total 
shielding respectively for a variety of basis sets. The most important result is that for 
an increase in magnitude of the psi torsion angle, there is a corresponding increase in 
the total Cl and C4' shielding. This change is fairly consistent throughout and 
mirrored in both the positive and negative sense of the torsion angle, apart from the 
Cl atom at values of psi of +50° and higher. At these levels, a 'levelling-off of the 
curve is observed where the shielding value changes very little. This can be attributed 
to the relative position (to Cl) of what would be the exo-cyclic hydroxy methyl group 
at these values of the psi torsion angle. The shielding of the C4' atom exhibits a much 
more symmetrical trend between positive and negative psi. The correct experimental 
trend is observed between the magnitudes of the Cl and C4' absolute shieldings, i.e., 
the C4' values are approximately 20ppm higher than those for Cl, which corresponds 
to an upfield displacement, relative to Cl, on the chemical shift scale. A particularly 
important point, from the computational point of view is that all the basis sets used 
exhibit identical trends. This implies that smaller basis sets can be used, which use 
less computer processing time than the larger sets, to study trends in nuclear shielding. 
This last point is in agreement with several findings in the current literature [4.7-4.8J 
concerning analogous calculations of the conformational dependence of the C-13 
shifts of proteins. A consequence of this is that potentially larger systems could be 
studied with the smaller basis sets to give results valid for a relative trend analysis.
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4.5. An IG LO  study o f the C l shift vs \\f correlation
4.5.1. Method
The same method as the GIAO calculations was employed for the IGLO study. The 
choice of basis set was Double Zeta. This basis has been shown to be suitable for 
reproducing C-13 conformational trends [4.9].
4.5.2. Results and discussion
The results from the IGLO calculations are presented in Figures 4.4 and 4.5 ,which 
are the total shieldings of Cl and C4' respectively and Figure 4.6, the variation of the 
C-13 shielding of all the carbon nuclei in the model-a-(l—»4)-glucan. The variation of 
the Cl and C4' principal components are presented in Figures 4.7 and 4.8. The 
localised paramagnetic bond contributions are presented in Figures 4.9 and 4.10. The 
total shielding trends for Cl and C4' are identical to those from the GIAO calculations 
indicating that the two methods are in good agreement and that the DZ basis set is 
capable of reproducing conformational effects.
This is confirmed further by the results for the variation in shielding of all the carbon 
nuclei in the model. It should be noted that due to the structure of the model system, 
only the Cl and C4' atoms can have any relation to the experimental situation, even 
so, very little variation in shielding is observed for the other carbon atoms, confirming 
that the C-13 conformational dependence is confined to the Cl and C4' atoms and 
thus the local nature of the effect and validity of using such model systems.
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The absolute shielding of the C5' atom is constant across the whole psi torsion angle 
range as is the C6' shielding over the negative psi range and C2 and C3' shieldings 
over the positive psi range. Through the negative psi range, the C2 shielding varies 
only slightly. On increasing positive psi, the C6' shielding increases by just over lppm 
until it falls of rapidly after +40°. This could be attributed to the C61 atom becoming 
closer to sources of steric interaction through this torsional range. The other 
noticeable feature is slight increase of C3' shielding through the negative psi range, 
the origin of which could be similar to that of the C6' deviation mentioned above. 
That the C3' shielding varies in negative psi, and the C6' in positive psi (and by a 
smaller amount than the C3' variation) can be rationalised by the fact that the C3' and 
C6' atoms are opposite sides of the rotation around the glycosidic linkage and that C3' 
is closer to the potential steric effects. The non-variation of the C5' atom shielding 
could be attributable to a 'protection' effect from the C6’ hydroxymethyl group.
Analysis of the three principal components provides an insight into the three- 
dimensional nature of the electronic distribution around the carbon atoms. For the 
case of the Cl atom of the model a-(l-»4)-glucan system, the most shielded 
component, 33, which lies along the C l-01 bond varies little along increasing 
positive psi but increases in magnitude by about 6ppm along increasing negative psi. 
The magnitude of the intermediate 22 component provides the dominant variation as a 
function of psi torsion angle with changes of 16.2ppm and 18.5ppm observed for the 
positive and negative senses of psi respectively.
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The asymmetric nature of these changes indicate that it is this component which 
influences the levelling-off observed in the variation of total shielding observed at 
high positive psi values. The 22 component lies in the 05-C1-01 plane, and tends 
towards the C l-05 bond which leads to the suggestion that for the Cl atom, the 
electronic interactions in the anomeric region are the main contributory factors to the 
conformational dependence of the Cl atom. The least shielded component, 11, which 
lies perpendicular to the 05-C1-01 plane shows an increase in shielding in both the 
positive and negative senses of the psi torsion angle, although the magnitude of the 
change is not as great as for the 22 component. The 11 component does not tend to 
level-off at high positive psi confirming that this feature is governed by the 22 
principal component.
For the C4' atom, the most shielded 33 component, which lies along the C4'-01 bond 
does not vary by much. Again, the intermediate 22 component contributes the greatest 
variation in shielding, with a minimum observed at +10° instead of 0°. This 
component lies virtually along the C4'-H4' bond. Finally, the magnitude of the least 
shielded 11 component, which lies almost perpendicular to the 01-C4'-H4' plane also 
increases, but has a minimum at -10°.
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Consideration of the localised paramagnetic bond contributions (Figures 4.9 and 4.10) 
provides an insight to the de-shielding nature of the local structure as these 
components are negative in sign. In particular, for the Cl atom, the fact that it is 
attached to four differently bonded atoms is apparent. On increasing the positive sense 
of psi, all the components become less de-shielded, the C l-01 component exhibiting 
the greatest change (3.08ppm) and the Cl-Hl the smallest (1.62ppm). It is the Cl-05 
and C1-C2 components which contain the levelling-off effect observed in the Cl total 
shielding and 22 principal components. It is interesting to note that at \j/ = 0° and 
+20°, the C l-01 and Cl-05 components are almost identical.
For the negative sense of psi, again, on increasing the magnitude of the torsion angle, 
all components exhibit less de-shielding. The C l-01 component changes by a similar 
amount to the positive sense, the Cl-05 component changes by a much smaller 
amount, (0.91ppm) and the smallest for this range, while the C1-C2 component 
changes by a much larger amount (3.74ppm) when compared to their positive senses, 
and the largest for this range. The Cl-Hl component is more de-shielded on the 
positive sense than the negative for high psi magnitude.
In contrast to the results for the Cl atom, those for the C4' atom illustrate the fact that 
it has greater symmetry in its bonded atoms. Both the positive and negative senses of 
psi for the C4'-01 and C4'-H components exhibit changes of about 2.5ppm. The 
situation is very different for the C4'-C3' and C4'-C5' components which cross at 
around \\f = +5°.
94
-11'
-13
■s -15
— 1— 1— 1— 1— 1— 1— 1 
CIO -40 -20 0
---- 1-----1-----1---- 1----
20 40 6K
1
i 
I 
1 
1
1 
I 
1 
t 
1 
l<
- |Pf lift 10°*^ _ ^ _ C 1 - 0 1  
—U— C1-05 
C1-C2 
 y  C1-H1
Psi
figure 4.9. Variation of localised paramagnetic contributions 
of bonds attached to Cl vs psi. [IGLO-DZ]
CNC
05
C4-01 
04-03' 
04'-05' 
04'-H
-9 -
-10
-11
-12
-13 I
-14
Psi
Figure 4.10. Variation of localised paramagnetic contributions 
of bonds attached to Cfylvs psi. [IGLO-DZ]
95
For the C4'-C3' component, on increasing positive psi, a curve is apparent with a 
minimum at \j/ = +30° and an overall change from psi = 0° to +60° of 0.73ppm. On 
increasing negative psi, this component changes by 2.68ppm with a point of inflection 
at \f/ = -30°. Almost the exact opposite is apparent for the C4-C3' component.
4.6. Nuclear shielding surfaces for a- and p -(l—>4)-glucans
4.6.1. Method
The aim of the previous investigations has been to test and investigate the correlation 
between the modulus of the psi torsion angle and the Cl chemical shift. A broader 
picture of the dependence of chemical shift on the torsion angles is available from a 
nuclear shielding surface, the use of which is well founded in theoretical work on 
proteins. This work presents the first ab initio nuclear shielding surfaces of 
carbohydrate glycosidic torsion angles.
Calculations were carried out using the DIGLO program and double-zeta (DZ) basis 
set, which has been shown to reproduce conformational dependencies in model 
protein systems [4.9]. The torsion angles were varied over a conformationally allowed 
region, psi = -60°-» +60° and phi = -60° ->• +60° in 30° steps to give a total of 25 
calculations for each system, with each calculation using about 2 hours of c.p.u time 
on a Silicon Graphics Indy workstation. A total of about 100 hours for the a- and p- 
model systems. The geometry was not optimised at each torsion angle step, thus 
giving the change in nuclear shielding purely as a function of torsion angle alone, see 
section 4.4.1 and [4.6].
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4.6.2. Results and discussion
Each calculation gave a value for the total shielding, principal components and 
localised bond paramagnetic components. As we are interested in relative trends in 
nuclear shielding at the DZ basis set level of theory, the results were normalised to the 
lowest calculated shielding value to give shielding surfaces which illustrate the 
change in shielding as a function of torsion angle. The results are presented in Figures 
4.11-4.18, with the accompanying raw data presented as an appendix for reference 
purposes. In all shielding surfaces , the contours represent a change of lppm nuclear 
shielding. All references to torsion angles in the following discussion will be in the 
order <(),\j/.
Figure 4.11 contains a plot of the total Cl shielding surface of model-a-(l ->4)-glc as 
a function of phi and psi. the lowest shielding, 126.73ppm, occurs at 0.0°,0.0°, with a 
steady increase in shielding observed coming out from the centre of the plot. This 
trend is disturbed by a decrease in shielding at 60.0°,-60.0°. The largest increase is 
observed at 30.0°,60.0°, which is 138.15ppm resulting in a range of 11.42ppm which 
is in close agreement with the a-CD experimental case. For the C4' surface (Figure 
4.13), a more uniform plot is apparent, due to the more symmetric nature of the 
bonding to C4'. The lowest shielding, 151.88ppm, is also observed at 0.0°,0.0°. This 
results in a C1/C4' difference of 25.15ppm for the model-a-( 1 ->4)-glc which agrees 
with experiment, if a bit high. The highest shielding, 165.91ppm is observed at - 
30.0°,-60.0° giving a range of 14.03ppm for C4'.
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Figure 4.11. Model-a-(l—»4)-glucan, Cl total shielding 
and principal components. (|)A|/ in deg. lppm contours.
98
The a-Cyclodextrin CP-MAS NMR spectrum provides an ideal test case for the oc- 
(l-»4)-glucan surfaces. If the experimentally determined torsion angles for each of 
the six glycosidic linkages (-2.60,16.40;-17.40,7.10;-12.20,9.20;-33.50,1.6°;- 
34.0°,55.7°,-19.4°,5.23°) are compared to the theoretical surfaces, then for Cl, a range 
of about 8ppm is observed, with a cluster of peaks and one 'outlier', which agrees with 
experiment. There is a similarly good agreement for the C4' case.
Extending the comparison to include experimental data from V- and A-amylose 
complexes [4.5], V-amylose ((|) = -14°, \j/ = -7°) has Cl at 103.5-104.0ppm which 
corresponds to a predicted relative shift of -l/-2ppm and C4' at 82.2-83.2ppm, (pred. 
rel. shift of -2/-3ppm). A-amylose ((|) = -25°, i|/ = -32°) has Cl at 99-101ppm,. (pred. 
rel. shift of -5/-6ppm) and C4' at 76ppm (pred. rel. shift of -8/-9ppm). Thus, there is 
good agreement between the experimental shift differences and predicted shift trends. 
The near diagonal symmetry of these surface can explain the experimental correlation 
of the sum of the sum of the moduli of phi and psi. These surfaces also illustrate that 
the dependence of phi, with psi held constant is similar to that of psi with phi held 
constant which means that the phi torsion angle is also a determinant of Cl chemical 
shift, as discussed by Gidley [4.5].
Figures 4.15 and 4.17 illustrate the p-(l-»4)-glc Cl and C4' total shielding surfaces. 
For Cl, the lowest shielding, 138.95ppm occurs at 0.0°,0.0° while the highest, 
148.91ppm occurs at -60.0°,-60.0°, resulting in a range of 9.96ppm. For C4', the 
lowest shielding, 155.74ppm is at 0.0°,0.0° and the highest, 169.32ppm at 60.0°,60.0°, 
resulting in a range of 13.58ppm.
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Figure 4.12. Model-a-(l-»4)-glucan, Cl local bond 
paramagnetic components (modulus). (|)/i}/ in deg. lppm contours.
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Comparing the a- and p- surfaces discussed so far, it is observed that for a given 
conformational region, the p-Cl surface predicts a smaller range of nuclear shielding 
and hence chemical shift than the a-Cl surface. This could confirm the experimental 
observation of a sharp Cl peak and broad C4' peak in, for example the solid state 
NMR of bacterial cellulose hydrate, Ia. The C4' surfaces exhibit a similar contour 
density. Comparing the model-p surfaces with celulose C-13 experimental data, good 
agreemement is found for the predicted shift changes between the solution (60,00) and 
non-crystalline / crystalline state (30,-30) for Cl (exp. 2ppm, predicted 2.6ppm) and 
for C4 (exp. 9ppm, predicted 7ppm). These shielding surfaces however, do not 
explain the observed 4ppm upfield shift of C4 between the non-crystalline and 
crystalline state. This observation is studied in chapter 5.
Analysis of the principal components of the models (Figures 4.11, 4.13, 4.15 and 
4.17) studied show that for Cl of model-oc-(l->4)-glc, the greatest contour density is 
observed for the intermediate 22 component with a range of 22.49ppm and a 
symmetric pattern with a minimum at 0.0°,0.0°. In contrast, the 11 and 33 components 
exhibit ranges of 12.56ppm (minimum at -60.0°,-60.0°) and 10.24ppm (minimum at 
0.0°,0.0°) respectively. For the corresponding C4' case, it is again the 22 component 
which dominates the shielding dependence with a range of 27.16ppm, minimum at 
0.0°,0.0° and a symmetric pattern. The 11 and 33 components have ranges of 
16.43ppm (minimum at 30.0°,-60.0°) and 14.23ppm (minimum at -30.0°,-60.0°) 
respectively. This indicates a slightly greater contribution to the shielding dependence 
than for Cl but this is not spread as evenly over the whole 11 component surface as it 
is for the 33 surface.
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Figure 4.13. Model-a-(l->4)-glucan, C4' total shielding 
and principal components. <|>/\|/ in deg. lppm contours.
In the p- system, the Cl shielding variation is dominated by the 22 component which 
has a range of 18.09ppm (minimum at 0.0°,0.0°) spread evenly over the whole 
surface, the 11 and 33 components exhibit ranges of 18.21 ppm (minimum at - 
60.0°,30.0°, maximum concentrated at one point) and 11.3ppm (minimum at - 
60.0°,60.0°) respectively. The C4' situation is similar, the 22 component dominates 
with a range of 28.29ppm (minimum at 0.0°,0.0°), the 11 and 33 components having 
ranges of 17.93ppm (minimum at 30.0°,60.0°) and 10.32ppm (minimum at 0.0°,- 
30.0°) respectively.
Similar trends in results are observed for the principal components for both the a- and 
p- model systems, that is, the dominating influence of the intermediate 22 component. 
This confirms the importance of the anomeric region for Cl in a- and p- systems and 
in the a- case, the C4'-H4' bond direction, and in the p~ case, the C4’-C3’ and C4’-C5' 
bond directions, from an analysis of the directions of the principal components.
Analysis of the local bond paramagnetic contributions follows (Figures 4.12, 4.14, 
4.16 and 4.18). In the case of the model-a-(l ->4)-glucan Cl atom, the largest range is 
exhibited by the C1-C2 bond at 6.94ppm with a minimum at 0.0°,-60.0°. The next 
lowest range is from the Cl-05 bond, 4.94ppm (min. -30.0°,60.0°), followed by the 
Cl-Hl bond, 4.79ppm (min. -60.0°,-60.0°) and Cl-Ol bond, 4.33ppm (min 
30.0°, 60.0°).
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Figure 4.14. Model-a-(l-»4)-glucan, C4' local bond 
paramagnetic components (modulus). <|)/i|/ in deg. lppm contours.
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Symmetric patterns are observed for the C l-01 and Cl-HI local bond contributions. 
For the C4' atom, the largest range of paramagnetic contribution is from the C4'-C3' 
bond, 6.73ppm (min. 60.0°,-60.0°), followed by the C4’-C5' bond, 4.62ppm range 
(min. 60.0°,30.0°), the C4-01 bond, 4.06ppm range (min. 60,30) and the C4-H4' 
bond, 3.49ppm range (min. -60.0°,-60.0°). Symmetric patterns are observed for 
virtually all the C4' surfaces.
In the p- case, for Cl, the largest range is exhibited by the Cl-Hl bond, 4.95ppm, 
(min. -60,-60) followed by the C1-C2 bond, 4.73ppm, (min.-30.0°,30.0°), the C l-05 
bond, 4.68ppm, (min. 60.0°,-60.0°) and the C l-01 bond, 3.2ppm, (min.60.0°, 60.0°). 
The C l-01 surface is the only one in this series with a symmetric pattern. For C4', the 
largest range is exhibited by the C4'-C3' bond, 5.22ppm (min.-60.0°,-60.0°), followed 
by the C4'-C5' bond, 4.84ppm, (min. 60.0°,30.0°), the C4'-01 bond, 3.7ppm, (min. - 
60.0°,-30.0°) and the C4'-H4' bond, 3.13ppm, (min. 60.0°,60.0°). Both the C4'-H4' 
and C4-01 components exhibit symmetric patterns.
From these results, it can be seen that the dominating contributions are larger in the a- 
system than in the p- system. That is, for Cl, the dominating contribution is the Cl- 
C2 bond which is 6.94ppm in the a- system and 4.73 in the p- system (although the 
Cl-Hl bond exhibits a 4.95 range in the p- system, this is similar to 4.79ppm 
exhibited by the same bond in the a- case). For C4', the dominant range in the a- 
system is C4'-C3' at 6.73ppm while it is 5.22ppm in the p- system.
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Figure 4.15. Model-P-(1^4)-glucan, Cl total shielding 
and principal components. <|>/\|/ in deg. lppm contours.
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Figure 4.16. Model-p-(l-»4)-glucan, Cl local bond 
paramagnetic components (modulus). (|)Aj/ in deg. lppm contours.
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Figure 4.17. Model-(3-(l->4)-glucan, C4' total shielding 
and principal components. (|)A|/ in deg. lppm contours.
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Figure 4.18. Model-p-(l-»4)-glucan, C4! local bond 
paramagnetic components (modulus). <j)/ij/ in deg. lppm contours.
109
4.7. Nuclear shielding surfaces for other systems
In the preceding pages it has been shown that model glycosidic systems can reproduce 
well the shielding tensors calculated for disaccharide molecules. These model systems 
have then been used to calculate phi psi shielding surfaces. The results for the model- 
a  system are in good agreement with experimental data from CP-MAS studies on the 
a-CD molecule and the Cl and C4' total shielding surfaces for the model-p predict 
shielding trends that can be resolved with experimental data for bacterial cellulose 
hydrate. One of the main advantages of theoretical work is that similar relationships 
between glycosidic structure and predicted chemical shielding can be derived for 
systems for which there has not been much experimental work carried out as yet. One 
such system, of interest to industry is pectin. Results will be presented for a model 
pectin system and also for mannan.
4.7.1. Method
The model systems were generated structurally in the same way as the previous 
systems. A model galactan system has been chosen to study the pectin glycosidic 
region as this does not require as large a level of theory as would be necessary if 
double bonds were included, e.g. for galacturonic acid. For the mannan system, the 
model-P-(l —»4)-glucan has had the stereochemistry at C2 altered, i.e., the -OH group 
has been set to axial instead of equatorial. The surfaces have been generated in the 
same way as the previous surfaces, but the calculations have been performed on both 
the a- and p- form of the glycosidic linkage using Gaussian94 with the 4-31G basis 
set.
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4.7.2. Results and discussion
Results are presented as 'normalised' nuclear shielding surfaces in the same way as 
previous surfaces. The 'normalised' raw data is presented in the appendices. The 
results for the a- and p- model-( 1 -»4)-galactans are presented in Figure 4.19 and the 
results for the a- and p- model-( 1 ->4)-mannans are presented in Figure 4.20. 
Experimental data is available for the p- systems, the a- systems are included for 
completeness even though a-mannan is not naturally occurring.
For Cl of the model-a-(l->4)-gal, the surface has a range of 20.2ppm, (min. 
0.0°,0.0°), C4' has 27.32ppm, (min. 0.0°,0.0°). The corresponding results for the 
model-p-(l->4)-gal are Cl range 26.1ppm (min. 30.0°,-60.0°) and C4' range 
25.82ppm (min. 0.0°,0.0°). For Cl of the model-a-(l—»4)-man, the surface has a 
range of 10.59ppm, (min. 0.0°,0.0°), C4' has 15.04ppm, (min. 0.0°,0.0°). The 
corresponding results for the model-p-(l->4)-man are Cl range 10.08ppm (min. 
0.0°,0.0°) and C4' range 13.37ppm (min. 0.0°,0.0°).
A comparison can be made between a theoretical prediction by Cros et al. [4.10] 
concerning predicted low energy conformations of a methyl esterified galacturonate 
disaccharide determined from a 'relaxed' molecular mechanics potential energy 
surface. They find these minima at (converting from their definition of (j),\|/ to that 
used in this project) I:-38.8°,-20.7°; II:-38.8°,19.3°; III: 1.2°,39.3°. This results in a 
range of Cl shifts of 6ppm, determined from the model-a-(l->4)-gal shielding 
surface.
I l l
Cl total a, a-(l->4)-gal C4' total a, a-(l-»4)-gal
Cl total a, p-(l->-4)-gal C4' total cr, p-(l-»4)-gal
Figure 4.19. Model-a- and P-(l-»4)-galactan, Cl and C4' 
total shielding surfaces. (J)/v|/ in deg. lppm contours.
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Cl total a, a-(l-»4)-man C4' total a, a -( l—»4)-man
 !
Cl total c, p-(l->4)-man C4' total cr, p-(l-*4)-man
Figure 4.20. Model-a- and p-(l—»4)-mannan, Cl and C4' 
total shielding surfaces, <|>/i|/ in deg. lppm contours.
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4.8. Sum m ary and conclusions
Nuclear shielding calculations performed on the a- and p-D-glucose molecule 
correctly predict the experimental trends between the two anomers, i.e., the a- form 
C-13 shieldings occurring to higher values than the p-form (which corresponds to 
lower shift) and that smaller changes in shielding are observed for nuclei further away 
from the anomeric centre. A study of the shielding dependence of the exo-cyclic 
hydroxymethyl C6 atom as a function of % torsion angle agrees with experimental 
trends.
Using the model-oc-(l-»4)-glucan system, the suggested experimental correlation 
between Cl shift and the modulus of psi has been predicted from theoretical 
calculations. Both the GIAO and IGLO methods give identical trends. The nuclear 
shielding increases uniformly (over a range of approximately lOppm) with increasing 
psi torsion angle, in both the positive and negative senses. A levelling off of the Cl 
shielding is observed at high positive psi, this is attributed to the relative position of 
the -CH2OH group and Cl atom at these values of psi. The correct experimental 
C1/C4' difference (approx. 20ppm) is predicted. The GIAO method has been used to 
study the dependence of nuclear shielding with a variety of Pople basis sets. It is 
found that all the basis sets used give identical trends with the more sophisticated sets 
giving results approaching a convergence. The implications of this are that small basis 
sets can be used to give an idea of trends allowing optimum use of computer c.p.u. 
resources and the potential to perform calculations on larger representative model 
systems.
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Analysis of the variation of the shielding of all the remaining C nuclei in the model 
system confirms the localised nature of the conformational dependence since very 
little change is observed for nuclei other than Cl and C4'. The other sets of results 
obtained arej^variation of the principal components which show that it is the 
intermediate 22 component which dominates the shielding dependence for both Cl 
and C4'. Consideration of the IGLO localised bond paramagnetic components provide 
a useful indication of how the de-shielding electron interactions vary and affect the 
conformational dependence given that the diamagnetic component remains constant 
with change in torsion angle.
Nuclear shielding surfaces for the a- and P-(l-»4)-glucan models provide a complete 
prediction of shielding dependence for a given conformational region and allow a 
more complete comparison with experimental data. The results suggest that the role of 
the phi torsion angle is as important as the psi torsion angle and the symmetric nature 
of the surfaces can explain the experimental correlation of Cl versus the sum of the 
moduli of phi and psi. Comparison of the model-a surface with a-CD and amylose 
experimental data is very good for Cl and C4' in terms of the shielding ranges 
predicted. If the surfaces for the a- and p- cases are compared, then the P-Cl results 
predict a smaller range of shielding for a given conformational region. This could 
explain why the CP-MAS spectrum of, for example, bacterial cellulose hydrate has a 
sharp range for Cl and a broad range for C4'. The model-p-glucan surfaces are able to 
predict the observed Cl and C4 shift effects between the solution and non-crystalline 
cellulose conformational states. The principal component surfaces indicate the 
dominance of the 22 component in all cases and localised bond surfaces are included.
This chapter concludes with surfaces of total shielding for galactan and mannan 
systems, mainly for reference purposes as there has not been a great deal of study on 
the possible conformational dependence of these systems.
In conclusion, nuclear shielding calculations performed on model glycosidic systems 
are able to predict experimental conformational trends very well and provide an 
insight into the origins of this dependence from variations of principal components 
and localised bond paramagnetic contributions. They also provide the potential of an 
important tool for predicting structure / chemical shift relations of less ordered 
systems.
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5.1. Introduction
Hydrogen bonding is an important feature of biological systems [5.1]. This chapter 
aims to study the potential effect of hydrogen bonding on the chemical shielding of 
the glycosidic carbon atoms in cellulose I and a-cyclodextrin using the concept of 
model systems and justification of their use covered in earlier chapters. The 
theoretical aspects of hydrogen bonds will be discussed at first, then the models and 
methods along with the results will be presented.
5.2. H ydrogen bonds
Several reviews concerning theoretical aspects of hydrogen bonds are available [5.2- 
5.4]. A hydrogen bond (H-bond) is a non-bonded interaction between an electron- 
deficient hydrogen and a region of high electron density. In general, the bond is 
formed A-H....B, where B has lone pair of electrons. In carbohydrate systems, this 
type of interaction commonly occurs where B is an oxygen atom forming either intra­
chain or inter-chain H-bonds.
The two systems chosen for study present different challenges. The availability of a 
neutron diffraction structure of a-cyclodextrin (a-CD) provides accurate data on the 
positions of H-bonds, and as such, renders these crystals ideal models for this kind of 
study. As a result, calculations are presented for a-CD which do and do not take into 
account the conformational effects of H-bonds. On the other hand, the H-bonding 
information in the cellulose system is derived from fibre diffraction studies and a 
consideration of molecular packing. It is thus necessary to establish a method by
which the existence or non-existence of H-bonds within the cellulose models 
employed here can be established.
5.2.1. Theoretical considerations
The basis sets used in these studies have been (i) the 6-31G** for the model-cellulose 
and the GIAO a-CD calculations and (ii) the IGLO BASIS-II for the a-CD models 
which take into account exo-cyclic -CH2OH group orientation and presence of intra­
residue 02...H03' hydrogen bond. These basis sets fulfil the requirements of 
sophistication and flexibility, through the inclusion of polarisation functions, needed 
when investigating non-bonded interactions such as H-bonds.
Specific to the cellulose case, the following generalisations [5.2] regarding charge re­
distribution in the A-H..B system on formation of H-bonds have been taken into 
consideration when establishing whether the H-bonds exist.. The hydrogen in the H- 
bond loses electrons upon H-bonding and the electronegative atoms (A,B) gain 
electrons with more electrons being gained by the electronegative atom on the proton 
donor molecule (A). Also, consideration of the nuclear shielding, de Dios [5.5] reports 
that increased shielding of the atom which donates its attached proton is typical upon 
H-bond formation as is decreased shielding of the donated proton. This charge 
information is obtainable from a Mulliken population analysis [5.6-5.7] which the 
Gaussian 94 program will perform. Mulliken's analysis distributes electrons according 
to the atomic orbital occupancy. Although the most widely used method of population 
analyses, a drawback is that the overlap population between two atoms is distributed 
evenly between them, regardless of, for instance, differences in electronegativity.
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5.3. Cellulose
The chemical shift differences for p-(l->4)-glucans in a range of conformational 
states is summarised in Table 5.1. The range of differences between the solution and 
crystal state Cl (1.5ppm) and C4' (5ppm) are predicted by the nuclear shielding 
surfaces presented in chapter 4, this chapter aims to confirm whether it is hydrogen 
bonding in crystalline cellulose which can account for the differences observed at this 
conformational state, Cl (no change) and C4' (4ppm).
Cl (ppm) C4' (ppm)
Oligosaccharides in solution 103.5 80.0
non-crystalline cellulose 105.5 85.0
crystalline cellulose 105.5 89.0
Table 5.1. Chemical shift data for various celluloses.
5.3.1. The Structure of cellulose I
The structure of native (e.g., cotton, ramie or wood) celluloses has been determined 
by fibre diffraction as a two-chain monoclinic unit cell with dimensions a = 7.78, b = 
8.29 and c (fibre repeat) = 10.34A [5.8]. Views of the a-b plane and down the fibre 
axis are shown in Figures 5.1 and 5.2 respectively. It contains two intra-chain H- 
bonds, between 03-H...05' and 02'H...06 and one inter-chain H-bond between 06- 
H...03. There are no H-bonds between the sheets. It is these H-bonds which give rise 
to the structural properties of cellulose.
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Figure 5.1. View along crystallographic c-axis of cellulose I
Figure 5.2. View of b-c plane of cellulose I, the dashed 
lines indicating the intra- and inter- chain H-bonds.
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5.3.2. M ethod for investigating shielding effects
In keeping with the use of model compounds, the system illustrated in Figure 5.3 was 
employed as a representative portion. Model 1 includes the intra-chain H-bonds, 
Model 2 introduces the inter-chain H-bond.
03H...05
06H...03
L
Model 2
Figure 5.3. Representative models used in study of effect 
of H-bond on C1/C4' shielding.
Several calculations were needed to determine the effect of H-bonds on the Cl and 
C4' chemical shielding. Initially, a calculation on the Model 1 system was performed 
to obtain the Cl and C4' shielding values with both H-bonds present. Each intra-chain 
H-bond was then 'turned-off artificially by altering the A-H...0 bond angle so that the 
donated proton was not pointing towards the source of electrons on the oxygen atom. 
To simulate the inter-chain interaction, a methanol molecule was oriented to mimic 
the exo-cyclic hydroxymethyl group of a neighbouring chain. The geometries of the 
Model 1 and Model 2 systems are contained in Table 5.2. The glycosidic torsion 
angles were set at § = 32° and vj/ = -35° and the C1-01-C4 bridge angle was 117.0°.
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A-B...H A...B (Ang) A-H...B angle (deg)
H-bond 'on' H-bond 'off
03-H...05' 2.75 177.4 118..6
02'H...06 2.71 157.9 112.76
06H...03 2.73 174.2 n/a
Table 5.2. Geometry data for Models 1 and 2. 
5.3.3. Results and discussion
The results of the Model 1 calculations are presented in Table 5.3. Using a 6-31G** 
basis set, each Gaussian94 calculation took approximately 6 hours (for the intra-chain) 
and approximately 8 hours (for the inter-chain) on the Convex C220 supercomputer 
(U.L.C.C). These results provide evidence for the formation of the relevant intra-chain 
hydrogen bonds in the 'on' position.
03-H...05 03 03H 05'
Mull Chg Nuc Shield Mull Chg Nuc Shield Mull Chg Nuc Shield
On -0.696 344.0 +0.393 27.7 -0.697 282.9
Off -0.650 330.3 +0.344 31.0 -0.668 283.0
A (form.) -0.046 +13.7 +0.049 -3.3 -0.029 -0.1
02'H..06 02' 02'H 06
On -0.734 347.8 +0.433 26.4 -0.662 338.1
Off -0.668 318.5 +0.373 28.9 -0.635 337.7
A (form.) -0.066 +29.3 +0.06 -2.5 -0.027 +0.4
Table 5.3. Changes in mulliken charge and shielding on hydrogen bond formation.
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The results for changes in charge and nuclear shielding values of the atoms involved 
in the H-bonds under investigation agree with the general trends for these quantities 
on formation of hydrogen bonds. The corresponding nuclear shielding changes of the 
glycosidic carbon nuclei, on H-bond formation are :
Intra-chain:
(i) On formation of the 03-H...05' hydrogen bond Cl changes by +0.5ppm and C4' 
changes by +0.6ppm.
(ii) On formation of the 02TL.06 hydrogen bond Cl changes by +0.2ppm and C4' 
changes by +0. lppm.
Inter-chain:
(i) On formation of the inter-chain 06H...03 hydrogen bond Cl changes by -0.05ppm 
and C4' +0.5ppm.
It is concluded from these results that changes in intra- and inter-chain H-bonds have 
little direct effect on the glycosidic Cl and C4' shieldings except when their formation 
influences the glycosidic torsion angle geometry, so they become more of a secondary 
influence. The observed experimental shift data may also be a consequence of crystal 
packing forces which are not considered in these calculations. It is expected that 
future studies in this field will be able to provide further insight into this phenomena, 
perhaps by the inclusion of crystal effects or by using larger model systems, when 
computationally practical.
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5.4. a-CycIodextrin
5.4.1. The structure of a-cyclodextrin
The structure of a-cyclodextrin (a-CD) has been discussed previously, see Figure 1.9, 
in relation to its characteristic solid state NMR spectrum with multiple peaks 
corresponding to conformationally unique sites around the six-membered ring. These 
conformations are determined by the different H-bonds which occur around the ring, 
in particular, the conformationally strained linkage caused by H-bonding to water 
molecules complexed in the cavity which gives rise to the outlying Cl and C4 peaks 
to higher field than the others. As one moves around the six glycosidic linkages in the 
ring, it is noticed that not every adjacent glucan residue forms an intra- 02...H03' H- 
bond and that two of the -CH2OH groups are in the GT orientation in order to form H- 
bonds with the included water molecules as illustrated in Figure 5.4.
This study of the effect of H-bonds differs from the previous one on cellulose I 
primarily due to the availability of detailed neutron diffraction structures which can 
determine the positions of hydrogen atoms. It is thus not necessary to confirm the 
presence of H-bonds in the model as was the case for cellulose. Two sets of 
calculations have been performed. The first set explicitly takes into account the 
conformational changes due to the H-bonds, in the second, only the § and vj/ torsion 
angles have been altered, i.e., no consideration is made of the exo-cyclic -CH2OH 
orientation or 02...H03' hydrogen bond. The basis sets used (IGLO basis II and 6- 
31G**) are of similar quality.
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5.4.2. M ethod
The co-ordinates for the model glycosidic linkage portions were extracted from the oc- 
CD crystal structure [5.9]. Terminating hydrogen atoms were used to replace the 
normal atoms as outlined in chapter 3, section 3.6. This process created 6 model 
glycosidic systems with the structural details outlined in Table 5.4.
GT
GT
Figure 5.4. a-Cyclodextrin residue numbering
Link (deg.) \j/ (deg.) 02...H3'03' ? -CH2OH conf.
1-2 -2.6 16.4 Yes GG
2-3 -17.4 7.1 Yes GG
3-4 -12.2 9.2 Yes GG
4-5 -33.5 1.6 No GT
5-6 -34.0 55.7 No GG
6-1 -19.4 5.2 No GT
Table 5.4. Structural features of a-CD model systems
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Each calculation was performed with an IGLO-II basis set on a Silicon Graphics Indy 
workstation and consumed 26 hours of c.p.u. time, that is 156 hours in total. The 
calculations only observing the effect on Cl and C4' shielding of variation of § and \}/ 
torsion angles employed the model-a-(l-»4)-glucan geometry and a 6-31G** basis 
set. Only the torsion angles were set for each calculation to those found from neutron 
diffraction. The Turbomole/NMR program was used for these GIAO calculations.
5.4.3. Results and discussion
The results for Cl and C41 shielding and chemical shift (in ppm units, with reference 
to TMS) are presented in Table 5.5. Chemical shift data is presented here as the size 
of the basis set used warrants it.
Link 4> (deg.) ¥  (deg.) Cl (ppm) C4' (ppm)
1-2 -2.6 16.4 97.9 (94.7) 111.0 (81.6)
2-3 -17.4 7.1 101.6 (91.1) 126.4 (66.2)
3-4 -12.2 9.2 103.6 (89.0) 125.9 (66.6)
4-5 -33.5 1.6 100.7 (91.9) 118.7 (73.9)
5-6 -34.0 55.7 105.3 (87.3) 130.3 (62.3)
6-1 -19.4 5.2 97.9 (94.7) 117.4 (75.3)
Table 5.5. Results for a-CD model calculations. IGLO/basis II 
The chemical shift values (TMS) are in parenthesis.
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It should be noted that there are currently no experimental assignments of the Cl or 
C4' peaks in the a-CD solid state spectra, apart from the suggestion that the peaks to 
higher field than the others result from the link between residues 5 and 6.
The results of this work present an opportunity to study the differences in Cl and C4' 
shift between residues with differing torsion angles configuration, hydrogen bonding 
patterns and exo-cyclic -CH2OH conformation. The primary result is a comparison of 
the predicted and experimentally observed shift ranges. For the Cl atom, a predicted 
range of 7.4ppm compares with 5.7ppm experimental. But for the C4' atom, a 
predicted range of 19.3ppm compares less favourably with 5.4ppm from experiment. 
The reason for such a large C4' difference is discussed later in this chapter. A 
prediction of the order of peaks is also possible. In order of increasing nuclear 
shielding, for Cl this order is 6,1,4,2,3,5 and for C4' is 2,1,5,4,3,6, where the number 
indicates which residue the Cl or C4' atom is from. This prediction confirms the 
suggestion that the upfield peaks are from link 5-6. There are two changes in peak 
order on the Cl and C4' scales for the glycosidic links, namely the orders of links 6-1 
and 1-2, where the difference observed between the C4’ shieldings is 6.35ppm and 
links 2-3 and 3-4, where the Cl shielding difference is 2.03ppm. In each case, the 
difference in shielding of the other nucleus (for that linkage) is very small. The largest 
interchange is between the 6-1 and 1-2 links and is a C4' effect. Comparing this to the 
a-CD ring structure, it can be seen that the -CH2OH orientation for the 6-1 linkage is 
GT and GG for the 1-2. This effect can thus be attributed to the exo-cyclic 
hydroxymethyl group orientation. The other interchange effect, which is a Cl effect is 
attributed to subtle changes in local structure, e.g., bond angles. Another example of
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the effect of H-bonding can be seen from the 2-3 and 6-1 linkages. Each linkage has 
similar values of § and \|/ (around 2°) and hence the observed shielding differences 
between Cl (3.7ppm) and C4' (9.1ppm) are not explained solely by the <|),\|/ shielding 
surface. To explain this effect, we must again consider that link 2-3 has a -CH2OH 
orientation of GG and an 02...H3'03' H-bond while 6-1 has GT orientation and no H- 
bond.
The results of the GIAO/6-31G** calculations, which do not consider the various exo- 
cyclic -CH2OH group orientations that result from the various H-bonding patterns 
around the a-CD ring are contained in Table 5.6.
Link <l> (deg.) V (deS-) Cl (ppm) C4' (ppm)
1-2 -2.6 16.4 104.9 125.6
2-3 -17.4 7.1 104.3 125.2
3-4 -12.2 9.2 104.1 124.9
4-5 -33.5 1.6 106.4 128.1
5-6 -34.0 55.7 112.1 129.8
6-1 -19.4 5.2 104.5 125.5
Table 5.6. Results for a-CD model calculations. GIAO/6-31G**
The predicted chemical shift ranges are Cl, 8ppm and C4, 4.9ppm which are both in 
the same region as the observed experimental data. Also in agreement with 
experiment is that the peaks for the 'strained' 5-6 link appear to higher shielding 
(lower shift) than the others. The most obvious difference between these results and
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those which do take into account the hydroxymethyl group orientation and intra­
residue H-bond is that the predicted range for C4' shifts is closer to that observed 
experimentally. This finding suggests that the larger predicted C4' range is a result of 
differing -CH2OH conformation. This might be somehow 'quenched' in the actual 
crystal so that experimentally the C4' nuclei exhibits a similar shift range to Cl.
5.5. Summary
The concept of hydrogen bonding (H-bonding) is introduced in relation to 
carbohydrate molecules and the theoretical generalisations that are evident on H-bond 
formation, concerning charge re-distribution and changes in nuclear shielding are 
summarised within the context of model cellulose calculations. To investigate the 
effect of two intra-chain and one intra-chain H-bonds on the Cl and C4' atoms 
cellulose, a set of calculations were performed at the 6-31G** level of basis set. 
Results are presented which confirm the formation of the relevant H-bonds within the 
chosen generalisations and Cl / C4' differences are reported as being quite small 
+0.5ppm being the among the largest for formation of the intra-chain 03H...05' H- 
bond and being in the opposite sense to the experimental observation. Within this 
model, H-bonding is concluded to be a secondary effect, influencing the Cl and C4' 
shifts through the glycosidic conformation resulting from the H-bonding scheme.
Calculations have been performed on model systems derived from the a-cyclodextrin 
(a-CD) crystal structure. These give an indication of how Cl and C4' shielding is 
related to the presence of intra-residue H-bonding and also the GT orientation of the - 
CH2OH group caused by H-bonding to included water molecules. It is found that peak
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orders on the Cl and C4' shielding scales are interchanged at two positions, the first 
(between 6-1 and 1-2) is deemed a C41 effect and attributed to the existence of a GT 
confomer in residue 1. The other (smaller) interchange in peak order is deemed a Cl 
effect and attributed to slight differences in local structure. A clear indication of the 
effect of H-bonds is seen between the 2-3 and 6-1 linkages which have similar torsion 
angle values but Cl and C4' differences which don’t fit into the previously calculated 
shielding surfaces (which do not consider H-bonding effects). Calculations which 
only take into account the shielding variations with § and \j/ are in closer agreement 
with observed experimental ranges.
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6.1. Introduction
This chapter will present a general summary and discussion of the work contained in 
this thesis. Suggestions will be made for future work in this area.
6.2. General summary
The first chapter introduces the carbohydrate class of molecules along with their 
particular system of nomenclature. The importance of carbohydrate shape in relating 
structure to biological function is discussed. Following on from this, the torsion 
angles are defined which describe one of the most important determinants of 
carbohydrate shape, the glycosidic link. A background to the techniques of solid state 
NMR spectroscopy leads to a review of conformationally dependent chemical shift 
effects observed for a-(l-»4)-glucans, in particular, the a-cyclodextrin molecule and 
p-(l->4)-glucans (cellulose).
The second chapter presents a review of quantum chemical calculations at the self 
consistent field level (SCF) along with basis set theory. The basis sets used in this 
project are described. The theory of nuclear shielding is summarised along with the 
techniques for the quantum chemical calculation of the shielding tensor. The GIAO 
and IGLO techniques for overcoming the gauge 'problem' are introduced. Current 
methods for performing calculations on large molecular systems are summarised - the 
direct SCF method being employed in the computer programs used in this work. 
These programs are detailed along with their various capabilities with a view to aiding 
future workers in this area of research.
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The most important aim of this thesis is to present the idea of using model glycosidic 
systems to study conformationally dependent chemical shifts of the Cl and C4' 
glycosidic carbon atoms. This concept is introduced in chapter 3. Given that nuclear 
shielding, which is related to the chemical shift observed experimentally by an 
opposite scale (i.e., chemical shielding increases as chemical shift decreases), is a 
short range effect (1/r ) it is suggested that the glycosidic dependence can be predicted 
by accurately modelling the electronic distribution directly about the link. In order to 
illustrate the reliability of the methods employed, results have been presented for 
shielding calculations on the methyl-oc-D-glucopyranoside molecule, results for which 
exist in the literature. The results presented here, for GIAO calculations agree well 
with the literature values and IGLO calculations allow an extension of the literature 
study to include data on paramagnetic contributions from localised bonds (a 
characteristic of the IGLO method). Diagrams are also presented which illustrate the 
direction of the principal components within the molecular frame. These give an 
indication of the nuclear shielding exhibited when the applied magnetic field lies 
along these directions. It is found, for example, that the most shielded 33 component 
for Cl and C4' lies along the C l-01 and C4'-01 directions respectively.
The model systems are introduced, along with the method for deriving their structure. 
In order to asses their reliability in calculating the Cl and C4' shielding tensors, 
calculations are performed on the parent disaccharide systems, in this case, maltose 
for the model-a-(l —>4)-glucan and cellobiose for the model-p-(l—»4)-glucan. The 
tensors compare well in terms of both magnitude and principal component direction, 
although for the C4' atom of the model-a system, the 11 and 22 components are
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interchanged in comparison with the disaccharide. This is attributed to the similarity 
of the structure, and similar magnitudes for these components in these directions.
A theme which also runs through chapter 3 is that of the basis set dependence. Given 
that the choice of basis set in an ab initio calculation is of utmost importance, it is 
necessary to illustrate how the shielding results vary with change in degree of basis set 
sophistication. It is found that on increasing basis set size, the total shielding values 
approach a convergence for the higher basis sets. All basis sets used exhibit constant 
C1/C4' differences.
Chapter 4 presents various studies on these model systems. Calculations on the D- 
glucose molecule successfully predict the experimental shift differences between the 
a- and P- anomers and also the experimental correlation of C6 shift versus exo-cyclic 
% torsion angle. To test the experimental correlation of Gidley, i.e., that the Cl 
shielding can be related to the modulus of the \j/ torsion angle, a series of calculations 
is presented which illustrate how the Cl and C4' total shieldings vary as a function of 
increasing 14/ angle, in both the positive and negative senses. The decision not to 
perform any structural optimisation at each setting of the torsion angle is discussed in 
the light of accepted literature methods. The results clearly show that the psi torsion 
angle dependence can be predicted and that it is an effect which is local to the Cl and 
C4' atoms. It is also shown that smaller basis sets can reproduce exactly the trends 
predicted by larger sets, which has important ramifications for efficient use of c.p.u. 
resources. Graphs of variation in principal component magnitude illustrate that the
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intermediate 22 component plays a dominant role in determining the shape of the total 
shielding curve.
Extending the studies to variation of both phi and psi torsion angles results in the 
generation of nuclear shielding surfaces which allow for a more comprehensive 
comparison with experimental data, particularly the neutron diffraction structure of a- 
CD and corresponding CP-MAS NMR spectrum which is predicted well by the 
surface. The Cl surface of the model-p-(l->4)-glucan predicts a smaller range of 
chemical shielding for a given conformational region than that predicted by the 
corresponding a  surface. This is used to explain why there is a larger range of C4' 
shifts observed than Cl in the CP-MAS NMR spectrum of cellulose I. Almost without 
exception, the total shielding surfaces exhibit minima at (|)/\|/ = 0.0,0.0. This suggests 
that co-planarity of the Hl-Cl-01-C4f-H4' is a dominant deshielding effect and might 
be related to the idea of a steric interaction between the hydrogen atoms either side of 
the glycosidic link. This is confirmed by the localised bond paramagnetic 
(deshielding) components of the model a- and P-(l—>4) glucans where it is found that 
the greatest deshielding of the C l-01, Cl-HI, C4'-01 and C4-H4' bonds are at or very 
close to (])/i|/ = 0.0,0.0. Figure 6.1 shows a localised Cl-HI bond from an IGLO DZ 
calculation which contributes -21.3ppm (deshielding) to the total Cl shielding. The 
other localised bonds contribute Cl-Ol (-15.3ppm), Cl-05 (-15.3ppm) and C1-C2 (- 
18.7ppm) illustrating that the Cl-HI component is the largest deshielding effect at 
this conformation. The shape of the localised orbital, as seen in Figure 6.1 also 
suggests the possibility of an interaction with the C4'-H4' orbital across the glycosidic 
link.
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Figure 6.1. A localised Cl-HI bond in model-a-(l-»4) 
glucan (0.0,0.0) which contributes -21.3ppm 
to the total Cl shielding.
Surfaces of the principal components of the shielding tensor have also been presented. 
The <|>A|/ surfaces also illustrate the dominance of the 22 principal component (for both 
a- and p- systems). Interesting patterns of local bond paramagnetic contributions are 
evident. In general, it appears that the C l-01 and Cl-HI deshielding contribution 
patterns to Cl shielding are more symmetric than the C1-C2 or C l-05 bond 
contributions. Whereas, all the local bonds to C4 atoms exhibit symmetrical patterns. 
This is attributed to the presence of the 05 ring atom bonded to Cl, hence the 
symmetric patterns might reflect the C-C atom bonding symmetry at C4\
A number of the total shielding surfaces exhibit a diagonal pattern (i.e. at points of the 
same magnitude) at certain points on the surface where (j)/\|/ variations of the same 
sign lead to greater calculated shielding values than those of opposite sign. For 
example, in the total Cl shielding surface of model-a-(l->4)-glucan the following 
values are calculated for the corresponding conformations where \\f is constant for
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each pair: (a) 132.5ppm (-60,-60) is greater than 129.8ppm (60,-60), (b) 132.2ppm (- 
30,-30) is greater than 131.2ppm (30,-30). This is also the case for examples where (|) 
is constant: (c) 134.8ppm (60,60) is greater than 129.8 (60,-60) and (d) 135.1ppm 
(30,30) is greater than 131.2ppm (30,-30). This effect can be related to the following 
conformational feature. Taking (|)/\j/ = 0.0,0.0 as a point of reference, same sign 
changes move HI and H41 out of the plane in opposite directions whereas opposite 
sign changes move HI and H4' in the same direction. This observation can also be 
attributed to a possible C-H deshielding interaction as the C-H bonds are more likely 
to interact when the conformation is opposite sign but same magnitude thus leading to 
a greater deshielding and lower total shielding.
The method is extended to cover model mannan and pectin systems, in a predictive 
capacity. A different style of shielding surface is observed for the model galactan 
systems, i.e., it exhibits much greater contour density, the reason for this is uncertain.
The effect of hydrogen bonding (H-bonding) is studied on models of cellulose I and 
a-cyclodextrin. The cellulose model is used to investigate the influence on Cl and C4' 
shielding of the two intra-chain and one inter-chain H-bonds which are present in this 
system. From the results, it is concluded that the H-bonds have a secondary influence 
on glycosidic atom shielding by dictating the torsion angle geometry, rather than a 
direct influence. The calculations on models of the six a-cyclodextrin glycosidic 
linkages provide useful information on the shielding dependence of the nuclei which 
are in residues which forni H-bonds with the included water molecules through 
different orientations of the exo-cyclic -CH2OH group.
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6.3. A  discussion o f interpretation
Nuclear shielding calculations have been subjected to orbital shielding analyses,[6.1] 
where the observed change in shielding can be related to the highest occupied 
(HOMO) and lowest unoccupied (LUMO) molecular orbitals. This kind of 
explanation relies on the ability to describe potential interactions between these 
electronic states related by the angular momentum operator in the presence of an 
applied magnetic field. In the example cited, the 7-phosphanobomene HOMO 
contains lone pair character on the phosphorus, while the LUMO contains phosphorus 
p orbital character and antibonding C-C pi orbitals. The hypothesis is that the 
magnetic field causes interaction between these electronic states resulting in the 
observed changes in nuclear shielding.
These methods of explanation are also more appropriate of double bonds when double 
bonds are present in the system under investigation. There are none in the model 
carbohydrate systems investigated here. Inspection of the HOMO and LUMO orbitals 
of the model-oc-(l-»4)-glucan, Figure 6.2, indicates that this type of analysis is not 
readily applicable to these systems as most of the different orbital character appears 
on opposite sides of the molecule.
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(0.0,0.0) HOMO (0.0,0.0) LUMO
Figure 6.2. The HOMO and LUMO of model-a-(l-»4)-glc.
The two shades represent the + and - orbital nodes.
The most detailed explanation to date of the conformational dependence of glycosidic 
carbon chemical shifts has been due to Jarvis [6.2]. It has its basis around the 
anomeric effect which is present in (among others) -O-C-O- molecular systems. It 
attempts to explain, for example, the preference for the axial conformation over the 
equatorial conformation of electronegative substituents (oxygen, in this case) which is 
contrary to what might be expected. There are explanations in terms of dipole-dipole 
interactions or orbital interactions. It is the latter which Jarvis has chosen for his work, 
combined with trends in bond lengths, which are a typical sign of the anomeric effect. 
The results presented in this thesis will be discussed in terms of Jarvis' suggestions.
In terms of orbital interactions, the anomeric effect can take three forms. These are
known as the classical anomeric effect (CAE) which results from electron donation
*
from a ring oxygen lone pair into an antibonding a  orbital of the C l-01 bond. The
reverse case or exo-anomeric effect (EAE) results from electron donation from 01 
into a a  orbital of the C l-05 bond. Finally, the pseudo-anomeric effect (PAE) results 
from electron donation from 01 into a ct* orbital of a C-C bond (e.g., C4'-C3' or C4'- 
C5'). It should be noted that IGLO shielding calculations presented here do not 
suggest that oxygen lone pairs themselves make any contribution to Cl and C4' 
shielding, this was concluded from calculations where the basis set included 
polarisation functions. It should also be pointed out that information resulting from 
these shielding calculations does not itself give any indication of the possibility of 
specific electron donations occurring. The comments presented here are thus based 
upon results of changes in total shielding, principal components and paramagnetic 
local bond contributions.
Jarvis points out that the empirical conformation-chemical shift relationships that 
have been suggested for the a- systems do not work for the p- systems. This can be 
corroborated by the results of this work in as much as the shielding surfaces for a- 
and p- systems exhibit different trends and contour densities. It is suggested [6.2] that 
the a- Cl shielding increases as a result of the EAE. There is no obvious evidence 
from this work to agree or disagree. The corresponding C4' shielding is said to 
increase by donation of 01 lone pair density into the C4'-C3' or C4'-C5' antibonding 
orbital. Evidence that could be related to this are found in the variation of C4'-C3' and 
C4'-C5' local bond paramagnetic contributions. They exhibit a maximum de-shielding 
for C4'-C3' at v|/ = -60° and C4'-C5' at v|/ = +60°. In the P- case, the CAE is absent. 
This leaves the Cl shielding open to influence from the EAE. ^
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It is interesting to note that Jarvis states the EAE is enhanced by the presence of a 
03H...05' H-bond and that studies on H-bonding show that it is this H-bond which 
has the greatest direct effect on C1/C4' shielding values. The variation of the p- C4' is 
said to be more difficult to explain but that it might be the case that a mechanism 
operates across the glycosidic linkage so that torsion angles on one side effect the 
shielding of atoms on the other side. There is evidence for this presented here in that 
both phi and psi torsion angles have an effect on the atoms on either side of the link. 
Finally, it seems significant that the intermediate 22 principal component which has a 
dominating effect on the shielding dependence is oriented in the case of the a- and P- 
C1 atoms in the plane of the 05-C1-01 atoms (the anomeric region).
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6.4. Suggested future work
One of the most important pieces of work that could be attempted in this area is the 
possibility of combining energy surfaces with nuclear shielding surfaces in order to 
predict amorphous peak shapes. This has been carried out for amorphous 
polyisobutylene [6.3]. With the availability of more sophisticated computers, the 
potential to perform shielding calculations on larger model systems is a real 
possibility perhaps with the aim of elucidating potential crystal packing effects in 
systems such as the cyclodextrins or further studies on the influence of hydrogen 
bonds. A last suggestion is the combination of model carbohydrate systems with 
model protein systems in order to provide predictions of glycoprotein structure- 
chemical shift relationships.
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Appendix 1
i
Raw data for the nuclear shielding 
surfaces presented in chapter 4
Contents
A. 1.1 Model ot-(l—»4)-glucan data [IGLO, DZ]......................................148
A. 1.2 Model p-(l->4)-glucan data [IGLO, DZ]...................................... 154
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N.B. The localised paramagnetic components are actually negative (de-shielding). The 
modulus is tabulated in this appendix and plotted in chapter 4.
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A. 1.1 M odel a - ( l —»4)-gIucan data: IGLO method, DZ basis set
Cl (total) Psi
-60 -30 0 30 60
-60 132.53 134.29 132.83 134.82 135.38
-30 137.69 132.21 128.51 130.35 135.49
Phi 0 137.69 130.63 126.73 130.77 135.51
30 133.7 131.19 131.02 135.09 138.15
60 129.77 132.92 136.63 137.16 134.82
norm. Psim -60 -30 0 30 60
-60 5.8 7.56 6.1 8.09 8.65
-30 10.96 5.48 1.78 3.62 8.76
Phi 0 10.96 3.9 0 4.04 8.78
30 6.97 4.46 4.29 8.36 11.42
60 3.04 6.19 9.9 10.43 8.09
C l  [11]
-60 -30 0 30 60
-60 146.94 152.34 150.68 151.91 153.03
-30 156.28 152.51 150.79 151.38 155.89
Phi 0 158.96 155.51 152.38 152.73 153.58
30 159.5 156.8 154.51 155.69 157.48
60 150.46 153.49 157.59 157.4 150.85
11 Psi
normalised -60 -30 0 30 60
60,-60) -60 0 5.4 3.74 4.97 6.09
-30 9.34 5.57 3.85 4.44 8.95
Phi 0 12.02 8.57 5.44 5.79 6.64
30 12.56 9.86 7.57 8.75 10.54
60 3.52 6.55 10.65 10.46 3.91
C l  [22] Psi
-60 -30 0 30 60
-60 135.24 136.91 135.55 134.26 142.24
-30 139.68 131.08 121.75 124.54 135.88
Phi 0 138.24 124.69 119.75 127.95 135.92
30 129.34 126.29 129.17 135.23 139.37
60 130.03 133.09 137.3
Psi
138.53 138.88
normalised -60 -30 0 30 60
[0,0.0) -60 15.49 17.16 15.8 14.51 22.49
-30 19.93 11.33 2 4.79 16.13
Phi 0 18.49 4.94 0 8.2 16.17
30 9.59 6.54 9.42 15.48 19.62
60 10.28 13.34 17.55 18.78 19.13
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Cl [33]
Phi
-60
-30
0
30
60
normalised 
(0.0,0.0) -60 
-30
Phi 0
30
60
C l - 0 5
-60
115.39
117.12
115.86
112.25
108.82
-60
7.33
9.06
7.8
4.19
0.76
-30
113.61
113.03
111.68
110.46
112.19
-30
5.55
4.97
3.62
2.4
4.13
Psi
0
112.25
113
108.06
109.38
115
Psi
0
4.19
4.94 
0
1.32
6.94 
Psi
30
118.3
115.12
111.62
114.34
115.56
30
10.24
7.06
3.56 
6.28 
7.5
60
110.86
114.72 
117.03 
117.59
114.72
60
2.8
6.66
8.97
9.53
6.66
-60 -30 0 30 60
-60 14.94 14.31 14.58 13.18 12.45
-30 13.41 14.45 14.44 12.84 11.28
Phi 0 14.4 15.3 15.28 14.1 13.19
30 15.96 16.19 16.08 15.14 13.99
60 15.05 16.22 16.02
Psi
15.68 15.78
normalised -60 -30 0 30 60
■30,60) -60 3.66 3.03 3.3 1.9 1.17
-30 2.13 3.17 3.16 1.56 0
Phi 0 3.12 4.02 4 2.82 1.91
30 4.68 4.91 4.8 3.86 2.71
60 3.77 4.94 4.74 4.4 4.5
1 -C 2 Psi
-60 -30 0 30 60
-60 20.41 18.81 19.51 19.18 18.5
-30 17.23 18.38 19.76 19.18 17.69
Phi 0 14.95 16.75 18.7 17.86 16.89
30 16.47 16.7 17.47 16.53 15.78
60 21.89 18.91 16.78 16.35 17.36
normalised Psi
-60 -30 0 30 60
.0,-60) -60 5.46 3.86 4.56 4.23 3.55
-30 2.28 3.43 4.81 4.23 2.74
Phi 0 0 1.8 3.75 2.91 1.94
30 1.52 1.75 2.52 1.58 0.83
60 6.94 3.96 1.83 1.4 2.41
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C l - O l Psi
-60 -30 0 30 60
-60 13.2 12.8 13.22 13.17 13.85
-30 11.63 13.53 14.77 14.97 13.98
Phi 0 12.41 14.85 15.28 14.02 12.2
30 13.3 14.49 13.69 12.4 10.95
60 11.9 12.21 12.24 12.35 11.33
normalised Psi
-60 -30 0 30 60
(30,60) -60 2.25 1.85 2.27 2.22 2.9
-30 0.68 2.58 3.82 4.02 3.03
Phi 0 1.46 3.9 4.33 3.07 1.25
30 2.35 3.54 2.74 1.45 0
60 0.95 1.26 1.29 1.4 0.38
Cl-Hl
Psi
-60 -30 0 30 60
-60 16.51 17.94 18.2 18.07 18.43
-30 17.84 19.33 20.25 20.5 19.46
Phi 0 18.88 20.17 21.3 20.76 19.69
30 18.89 19.54 19.89 19.22 18.58
60 18.99 18.36 17.66
Psi
17.46 17.92
normalised -60 -30 0 30 60
(-60,-60) -60 0 1.43 1.69 1.56 1.92
-30 1.33 2.82 3.74 3.99 2.95
Phi 0 2.37 3.66 4.79 4.25 3.18
30 2.38 3.03 3.38 2.71 2.07
C4*(t<
60 2.48 1.85 1.15 0.95 1.41
otal) Psi
-60 -30 0 30 60
-60 165.14 164.76 160.54 157.19 159.76
-30 165.91 160.05 154.46 153.47 158.02
Phi 0 161.74 154.18 151.88 155.14 161.23
30 156.4 155.9 157.11 160.58 164.25
60 163.84 162.65 163.07 164.35 162.48
(norm) Psi
(0,0) -60 -30 0 30 60
-60 13.26 12.88 8.66 5.31 7.88
-30 14.03 8.17 2.58 1.59 6.14
Phi 0 9.86 2.3 0 3.26 9.35
30 4.52 4.02 5.23 8.7 12.37
60 11.96 10.77 11.19 12.47 10.6
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C 4' [11] Psi
-60 -30 0 30 60
-60 194.1 194.3 192.03 191.93 190.68
-30 192.73 191.88 191.63 191.72 192.46
Phi 0 191.31 190.49 191.71 192.25 193.24
30 180.61 192.71 193.68 194.41 193.81
60 191.48 194.02 196.11
Psi
197.04 188.46
normalised -60 -30 0 30 60
30,-60) -60 13.49 13.69 11.42 11.32 10.07
-30 12.12 11.27 11.02 11.11 11.85
Phi 0 10.7 9.88 11.1 11.64 12.63
30 0 12.1 13.07 13.8 13.2
60 10.87 13.41 15.5 16.43 7.85
C 4' [22] Psi
-60 -30 0 30 60
-60 162.05 160.29 152.02 146.89 152.12
-30 161.71 152.38 139.84 136.81 148.8
Phi 0 155.37 142.78 134.89 141.37 152.7
30 150.83 140.86 142.13 150.11 156.13
60 160.48 155.09 155.26
Psi
155.37 158.6
normalised -60 -30 0 30 60
(0,0) -60 27.16 25.4 17.13 12 17.23
-30 26.82 17.49 4.95 1.92 13.91
Phi 0 20.48 7.89 0 6.48 17.81
30 15.94 5.97 7.24 15.22 21.24
60 25.59 20.2 20.37 20.48 23.71
C 4 T[33] Psi
-60 -30 0 30 60
-60 139.27 139.68 137.56 132.76 136.48
-30 143.29 135.9 131.92 131.88 132.8
Phi 0 138.55 129.27 129.06 131.81 137.75
30 137.74 134.13 135.52 137.23 142.82
60 139.56 138.84 137.84
Psi
140.65 140.38
normalised -60 -30 0 30 60
(0,0) -60 10.21 10.62 8.5 3.7 7.42
-30 14.23 6.84 2.86 2.82 3.74
Phi 0 9.49 0.21 0 2.75 8.69
30 8.68 5.07 6.46 8.17 13.76
60 10.5 9.78 8.78 11.59 11.32
C 4' -C 5 1 Psi
-60 -30 0 30 60
-60 11.16 10.87 10.85 11.42 10.59
-30 11.63 12.26 12.28 12.25 11.88
Phi 0 12.61 13.62 12.98 11.66 10.44
30 13.33 12.74 12.08 10.35 9.18
60 11.45 11.47 10.75 9 9.87
Psi
norm -60 -30 0 30 60
(60,30) -60 2.16 1.87 1.85 2.42 1.59
-30 2.63 3.26 3.28 3.25 2.88
Phi 0 3.61 4.62 3.98 2.66 1.44
30 4.33 3.74 3.08 1.35 0.18
60 2.45 2.47 1.75 0 0.87
C 4 f-C 3 ! Psi
-60 -30 0 30 60
-60 9.67 9.22 10.8 12.41 12.29
-30 8.57 10.11 11.98 13.32 13
Phi 0 10.43 12.35 12.63 13.12 12.38
30 12.51 12.35 11.34 11.46 11.4
60 6.59 7.9 9.14 9.97 11.82
norm Psi
(60,-60) -60 -30 0 30 60
-60 3.08 2.63 4.21 5.82 5.7
-30 1.98 3.52 5.39 6.73 6.41
Phi 0 3.84 5.76 6.04 6.53 5.79
30 5.92 5.76 4.75 4.87 4.81
60 0 1.31 2.55 3.38 5.23
C 4 f-H 4 t Psi
-60 -30 0 30 60
-60 8.76 9.43 10.24 10.26 9.78
-30 8.9 10.26 11.56 11.34 9.81
Phi 0 9.47 11.41 12.25 11.2 9.62
30 9.77 10.76 11.1 10.65 9.83
60 9.25 10.72 11.1 11.25 9.99
norm Psi
(-60,-60) -60 -30 0 30 60
-60 0 0.67 1.48 1.5 1.02
-30 0.14 1.5 2.8 2.58 1.05
Phi 0 0.71 2.65 3.49 2.44 0.86
30 1.01 2 2.34 1.89 1.07
60 0.49 1.96 2.34 2.49 1.23
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C 4' - O l Psi
-60 -30 0 30 60
-60 4.63 4.82 5.8 6.44 6.04
-30 4.56 5.75 7.07 6.94 5.57
Phi 0 5.1 6.46 7.53 6.69 5.31
30 6.35 6.17 6.35 5.39 4.55
60 7.99 6.29 4.45 3.93 4.58
norm Psi
(60,30) -60 -30 0 30 60
-60 0.7 0.89 1.87 2.51 2.11
-30 0.63 1.82 3.14 3.01 1.64
Phi 0 1.17 2.53 3.6 2.76 1.38
30 2.42 2.24 2.42 1.46 0.62
60 4.06 2.36 0.52 0 0.65
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A. 1.2. Model p -(l—»4)-glucan data: IGLO method, DZ basis set
pci psi
-60 -30 0 30 60
-60 148.91 147.84 147.85 140.68 142.22
-30 146.14 142.85 142.23 139.33 145.28
Phi 0 142.55 139.83 138.95 141.98 144.78
30 142.1 139.69 139.59 142.55 145.86
60 145.04 141.79 142.25 143.26 144.76
norm Psi
(0.0,0.0) -60 -30 0 30 60
-60 9.96 8.89 8.9 1.73 3.27
-30 7.19 3.9 3.28 0.38 6.33
Phi 0 3.6 0.88 0 3.03 5.83
30 3.15 0.74 0.64 3.6 6.91
60 6.09 2.84 3.3 4.31 5.81
pci [11] Psi
-60 -30 0 30 60ov,o 1 167.2 163.74 164.16 153.35 171.56
-30 160.1 158.6 163.03 163.04 167.33
Phi 0 156.8 159.55 162.25 165.98 160.15
30 156.77 159.45 160.23 161.2 163.8
60 162.16 158.43 157.63 158.72 165.15
11 Psi
norm -60 -30 0 30 60
(-60,30) -60 13.85 10.39 10.81 0 18.21
-30 6.75 5.25 9.68 9.69 13.98
Phi 0 3.45 6.2 8.9 12.63 6.8
30 3.42 6.1 6.88 7.85 10.45
60 8.81 5.08 4.28 5.37 11.8
pci [2 2 ] Psi
-60 -30 0 30 60
-60 156.37 156.39 156.11 149.1 142.92
-30 156.2 151.06 147.25 141.49 150.14
Phi 0 150.21 143.04 138.3 142.07 153.2
30 149.52 141.15 139.31 146.09 150.52
60 153.52 147.92 150.2
Psi
150.06 145.66
norm -60 -30 0 30 60
(0,0) -60 18.07 18.09 17.81 10.8 4.62
-30 17.9 12.76 8.95 3.19 11.84
Phi 0 11.91 4.74 0 3.77 14.9
30 11.22 2.85 1.01 7.79 12.22
60 15.22 9.62 11.9 11.76 7.36
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p c i [33] Psi
-60 -30 0 30 60
-60 123.15 123.38 123.29 119.6 112.18
-30 122.13 118.08 116.41 113.46 118.38
Phi 0 120.64 116.89 116.3 117.88 120.88
30 120.01 118.46 119.22 120.36 123.27
60 119.45 119.02 118.92 120.99 123.48
11 Psi
norm -60 -30 0 30 60
(-60,60) -60 10.97 11.2 11.11 7.42 0
-30 9.95 5.9 4.23 1.28 6.2
Phi 0 8.46 4.71 4.12 5.7 8.7
30 7.83 6.28 7.04 8.18 11.09
60 7.27 6.84 6.74 8.81 11.3
( 3 0 - 0 5 Psi
-60 -30. 0 30 60
-60 11.12 11.63 11.81 12.99 9.94
-30 11.1 11.62 12.09 13.91 11.31
Phi 0 10.74 10.67 10.99 10.71 10.45
30 9.88 9.53 10.04 9.94 8.78
60 8.31 8.45 9.68
Psi
9.47 9.66
norm -60 -30 0 30 60
(60,-60) -60 2.81 3.32 3.5 4.68 1.63
-30 2.79 3.31 3.78 5.6 3
Phi 0 2.43 2.36 2.68 2.4 2.14
30 1.57 1.22 1.73 1.63 0.47
60 0 0.14 1.37 1.16 1.35
P C 1 -C 2 Psi
-60 -30 0 30 60
-60 13.32 13.49 13.4 14.75 13.97
-30 14.49 15.09 14.02 13.22 14.68
Phi 0 16.16 16.05 15.8 14.85 13.41
30 16.65 17 17.08 15.84 14.54
60 16.64 17.95 17.66 17.1 16.63
norm Psi
-60 -30 0 30 60
(-30,30) -60 0.1 0.27 0.18 1.53 0.75
-30 1.27 1.87 0.8 0 1.46
Phi 0 2.94 2.83 2.58 1.63 0.19
30 3.43 3.78 3.86 2.62 1.32
60 3.42 4.73 4.44 3.88 3.41
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pci-oi
-60
-60
13.54
-30
14.02
Psi
0
13.99
30
13.94
60
16.27
-30 13.76 14.83 15.81 16.37 13.84
Phi 0 14.54 15.75 16.27 15.58 13.36
30 15.36 16.4 16.1 14.76 13.38
60 15.42 16.01 15.1 14.27 13.2
norm
(60,60) -60
-60
0.34
-30
0.82
Psi
0
0.79
30
0.74
60
3.07
-30 0.56 1.63 2.61 3.17 0.64
Phi 0 1.34 2.55 3.07 2.38 0.16
30 2.16 3.2 2.9 1.56 0.18
60 2.22 2.81 1.9 1.07 0
p C l - H l
-60
-60
12.2
-30
12.28
Psi
0
12.86
30
17.15
60
15.71
-30 12.6 13.66 14.59 16.26 13.37
Phi 0 13.48 15.34 16.01 15.2 15.51
30 13.89 15.52 15.42 15 15.44
60 13.39 14.49 13.88 13.95 13.65
norm -60 -30
Psi
0 30 60
(-60,-60) -60 0 0.08 0.66 4.95 3.51
-30 0.4 1.46 2.39 4.06 1.17
Phi 0 1.28 3.14 3.81 3 3.31
30 1.69 3.32 3.22 2.8 3.24
60 1.19 2.29 1.68 1.75 1.45
(3 C 4 f
-60
-60
166.23
-30
167.12
Psi
0
161.85
30
163.89
60
163.31
-30 166.36 162.87 157.34 159.64 163.54
Phi 0 165.17 159.04 155.74 158.75 164.54
30 162.48 157.76 158.31 163.12 162.21
60 162.14 161.18 164.78 168.51 169.32
C4
(0.0,0.0) -60 -30
Psi
0 30 60
-60 10.49 11.38 6.11 8.15 7.57
-30 10.62 7.13 1.6 3.9 7.8
Phi 0 9.43 3.3 0 3.01 8.8
30 6.74 2.02 2.57 7.38 6.47
60 6.4 5.44 9.04 12.77 13.58
PC4'[11]
-60 -30 0 30 60
-60 199.42 201.69 189.25 195.07 190.92
-30 197.87 195.68 193.09 193.72 196.01
Phi 0 193.56 192.67 193.04 193.47 193.57
30 192.32 192.3 193.34 194.06 183.76
60 192.47 195.15 196.09 197.3 196.43
Psi
norm. -60 -30 0 30 60
-60 15.66 17.93 5.49 11.31 7.16
-30 14.11 11.92 9.33 9.96 12.25
Phi 0 9.8 8.91 9.28 9.71 9.81
30 8.56 8.54 9.58 10.3 0
60 8.71 11.39 12.33 13.54 12.67
p C 4 f[22] Psi
-60 -30 0 30 60
-60 163.32 158.65 158.04 160.08 161.26
-30 161.74 154.87 145.98 148.92 155.59
Phi 0 162.62 151.59 139.36 147.69 161.33
30 158.29 147.13 143.27 156.95 167.65
60 158.14 154.41 158.43 165.73 168.36
Psi
norm. -60 -30 0 30 60
-60 23.96 19.29 18.68 20.72 21.9
-30 22.38 15.51 6.62 9.56 16.23
Phi 0 23.26 12.23 0 8.33 21.97
30 18.93 7.77 3.91 17.59 28.29
60 18.78 15.05 19.07 26.37 29
(3C4![33] Psi
-60 -30 0 30 60
-60 135.95 141.01 138.26 136.5 137.73
-30 139.46 138.07 132.94 136.28 139.03
Phi 0 139.33 132.84 134.83 135.1 138.74
30 136.84 133.86 138.33 138.36 135.23
60 135.82 133.98 139.83 142.49 143.16
Psi
norm -60 -30 0 30 60
(0,-30) -60 3.11 8.17 5.42 3.66 4.89
-30 6.62 5.23 0.1 3.44 6.19
Phi 0 6.49 0 1.99 2.26 5.9
30 4 1.02 5.49 5.52 2.39
60 2.98 1.14 6.99 9.65 10.32
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p C 4 '-C 5 ' Psi
-60 -30 0 30 60
-60 12.01 10.19 11.7 10.23 10.47
-30 12.26 12.43 13.96 11.78 11.1
Phi 0 12.68 12.98 12.38 10.93 9.62
30 12.71 12.81 11.47 9.65 10.74
60 12.68 12.43 10.67 9.12 9.34
Psi
norm -60 -30 0 30 60
(60,30) -60 2.89 1.07 2.58 1.11 1.35
-30 3.14 3.31 4.84 2.66 1.98
Phi 0 3.56 3.86 3.26 1.81 0.5
30 3.59 3.69 2.35 0.53 1.62
60 3.56 3.31 1.55 0 0.22
p C 4 T-C 3 f Psi
-60 -30 0 30 60
-60 8.41 9.01 12.3 11.89 12.39
-30 8.85 10.28 12.55 13.25 12.44
Phi 0 9.59 11.24 12.92 13.63 12.99
30 10.71 11.78 12.31 12.49 13.1
60 11.57 11.57 10.74 10.71 10.61
norm Psi
-60 -30 0 30 60
(-60,-60) -60 0 0.6 3.89 3.48 3.98
-30 0.44 1.87 4.14 4.84 4.03
Phi 0 1.18 2.83 4.51 5.22 4.58
30 2.3 3.37 3.9 4.08 4.69
60 3.16 3.16 2.33 2.3 2.2
P C 4 T-H 4 f Psi
-60 -30 0 30 60
-60 10.96 11.18 10.52 9.2 9.03
-30 9.49 9.89 10.16 9.89 8.6
Phi 0 8.79 10.22 11.15 10.23 8.49
30 9 10.31 10.45 9.25 8.79
60 8.82 9.28 9.15 8.53 8.05
norm Psi
-60 -30 0 30 60
(60,60) -60 2.91 3.13 2.47 1.15 0.98
-30 1.44 1.84 2.11 1.84 0.55
Phi 0 0.74 2.17 3.1 2.18 0.44
30 0.95 2.26 2.4 1.2 0.74
60 0.77 1.23 1.1 0.48 0
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(5C4'-01
-60 -30 0 30 60
-60 1.37 1.04 2.06 2.96 3
-30 1.9 2.73 3.33 3.66 2.88
Phi 0 2.37 3.97 4.74 4.15 2.87
30 3.12 4.29 4.32 3.27 3.02
60 2.77 3.15 2.7 1.92 1.79
norm Psi
-60 -30 0 30 60
(-60,-30) -60 0.33 0 1.02 1.92 1.96
-30 0.86 1.69 2.29 2.62 1.84
Phi 0 1.33 2.93 3.7 3.11 1.83
30 2.08 3.25 3.28 2.23 1.98
60 1.73 2.11 1.66 0.88 0.75
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A.I.3. Model a-(l->4)-galactan data: GIAO method, 4-31G basis set
c-i
-60 -30 0 30 60
-60 16.0773 15.0439 13.1341 14.3944 13.704
-30 13.6629 12.3954 5.20391 4.96281 6.35471
0 12.5316 4.75251 0 2.52129 10.8128
30 8.7718 5.95253 5.11658 9.80459 17.9938
60 9.54061 10.41 14.739 19.1944 20.1981
(normalised to 100.59ppm at 0.0,0.0)
c-r
-60 -30 0 30 60
-60 19.7213 24.0142 18.6584 15.2453 13.0918
-30 15.8758 14.4256 5.67262 4.94852 14.2391
0 13.4304 5.12363 0 7.01048 18.013
30 13.8335 8.65377 8.13644 16.5869 21.3343
60 10.4363 11.058 19.084 26.0216 27.3243
(normalised to 117.93ppm at 0.0,0.0)
A. 1.4 M odel P -(l—»4)-gaIactan data: GIAO method, 4-31G basis set
c-i
Phi
C-4
Phi
Psi
-60 -30 0 30 60
-60 20.169 18.9027 16.5948 10.3449 12.4802
-30 21.4933 11.0045 7.9058 5.6528 13.497
0 11.0622 4.8537 3.0777 9.3756 17.6547
30 0 7.7601 6.3994 11.6853 13.3643
60 26.1021 16.0902 13.1269 13.1832 12.5849
(normalised to 101.05ppm at 30.0,-60.0)
Psi
-60 -30 0 30 60
-60 19.9993 25.0082 19.5079 19.5146 16.0244
-30 25.8175 18.7654 10.1908 7.7968 11.1695
0 22.9781 8.5329 0 4.2057 16.5152
30 16.6876 2.9431 3.4668 12.9659 23.5708
60 13.124 3.0803 13.8999 20.9927 22.6484
(normalised to 120.36ppm at 0.0,0.0)
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A. 1.5. Model a-(l->4)-mannan data: GIAO method, 4-31G basis set
C ~ 2 Psi
-60 -30 0 30 60
-60 5.7104 8.0635 6.9372 9.2117 9.51
-30 10.1547 5.8177 2.3373 3.9967 9.5165
Phi 0 8.9275 2.5173 0 4.2238 8.0405
30 3.2017 3.997 3.9345 7.0728 8.6123
60 10.5924 7.3449 7.5447 7.4812 6.8381
(normalised to 105.34ppm at 0.0,0.0)
C-4 Psi
-60 -30 0 30 60
-60 15.0424 13.7331 8.5875 5.5869 4.5598
-30 14.9345 8.3805 2.2067 1.3256 6.3709
0 11.1373 3.4562 0 3.2937 10.0668
30 7.934 5.6428 5.6092 8.9794 13.4104
60 13.5323 12.0904 10.6092 11.0742 12.0891
Phi
 1
 
(normalised to 127.67ppm at 0.0,0.0)
A. 1.6. M odel p -( l—»4)-mannan data: GIAO method, 4-31G basis set
c-i Psi
-60 -30 0 30 60
-60 7.8052 5.4115 5.7279 10.0757 5.0776
-30 5.7683 3.3778 2.6635 1.5299 3.6908
Phi 0 3.5231 1.136 0 2.0074 4.2971
30 4.4645 1.9688 1.7133 3.6859 5.1795
60 7.6639 4.8782 5.2286 5.5285 4.6853
(normalised to 116.86ppm at 0.0,0.0)
C-49 Psi
-60 -30 0 30 60
-60 10.9794 9.6302 8.0014 8.8164 11.1973
-30 12.379 8.8516 4.9288 4.6126 8.3478
Phi 0 10.3953 3.7453 0 2.9681 9.3309
30 7.3392 1.9153 2.3104 7.5253 13.0791
60 6.7918 5.0059 8.2183 12.012 13.3667
(normalised to 132.53ppm at 0.0,0.0)
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Appendix 2
Pdb co-ordinate files for 
model systems at (j), \\f = 0.0°, 0.0°
Contents
A.2.1 Model a-( 1 —»4)-glucan ............................................................. 163
A.2.2 Model p-( 1 ^ >4)-glucan ............................................................. 164
A.2.3 Model a-(l->4)-galactan.............................................................. 165
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A.2.1. Model a - ( l —»4)-glucan
HETATM 1 C 1 -2.822 0.206 -■1.568
HETATM 2 C 2 -2.469 0.235 -•0.059
HETATM 3 H 3 -1.506 1.940 ■-0.110
HETATM 4 H 4 -1.951 0.500 --2.156
HETATM 5 0 5 -2.286 1.592 0.374
HETATM 6 H 6 -3.637 0.908 •-1.760
HETATM 7 0 7 -3.242 ■-1.110 -1.949
HETATM 8 H 8 -3.449 ■-1.057 -2.907
HETATM 9 H 9 -3.311 ■-0.181 0.499
HETATM 10 0 10 -1.257 -0.509 0.191
HETATM 11 C 11 -1.410 -1.618 1.103
HETATM 12 C 12 -0.481 -1.418 2.337
HETATM 13 H 13 -1.144 -3.773 1.070
HETATM 14 C 14 -1.020 -2.936 0.377
HETATM 15 H 15 -0.557 -2.296 2.985
HETATM 16 H 16 -2.436 -1.713 1.460
HETATM 17 H 17 0.555 -1.331 1.998
HETATM 18 C 18 -0.827 -0.165 3.180
HETATM 19 H 19 -0.164 -0.130 4.047
HETATM 20 H 20 -0.669 0.736 2.585
HETATM 21 0 21 -2.188 -0.218 3.632
HETATM 22 H 22 0.026 -2.897 0.063
HETATM 23 0 23 -1.851 -3.186 -0.765
HETATM 24 H 24 -1.573 -2.545 -1.452
HETATM 25 H 25 -2.328 0.602 4.152
CONECT 1 2 4 6 7
CONECT 2 1 5 9 10
CONECT 3 5
CONECT 4 1
CONECT 5 2 3
CONECT 6 1
CONECT 7 1 8
CONECT 8 7
CONECT 9 2
CONECT 10 2 11
CONECT 11 10 12 14 16
CONECT 12 11 15 17 18
CONECT 13 14
CONECT 14 11 13 22 23
CONECT 15 12
CONECT 16 11
CONECT 17 12
CONECT 18 12 19 20 21
CONECT 19 18
CONECT 20 18
CONECT 21 18 25
CONECT 22 14
CONECT 23 14 24
CONECT 24 23
CONECT 25 21
END
A.2.2. Model J3-(l->4)-glucan
HETATM 1 C 1 2.518 -0.848 2.572
HETATM 2 C 2 2.676 •-2.273 2.028
HETATM 3 H 3 0.242 2.771 1.488
HETATM 4 H 4 2.924 -2.969 2.834
HETATM 5 C 5 1.180 2.219 1.589
HETATM 6 C 6 0.894 0.733 1.743
HETATM 7 H 7 3.960 •-1.087 3.882
HETATM 8 C 8 -0.125 0.261 0.679
HETATM 9 C 9 -0.581 •-1.182 0.986
HETATM 10 H 10 1.870 -0.828 3.343
HETATM 11 H 11 0.981 -3.207 2.206
HETATM 12 H 12 3.493 -2.283 1.302
HETATM 13 H 13 1.766 2.378 0.680
HETATM 14 H 14 2.482 2.192 3.149
HETATM 15 H 15 0.521 0.497 2.635
HETATM 16 H 16 0.325 0.311 -0.316
HETATM 17 H 17 -2.187 -1.292 -0.092
HETATM 18 H 18 -1.029 -1.344 1.961
HETATM 19 H 19 0.298 -1.706 0.817
HETATM 20 0 20 2.123 -0.000 1.534
HETATM 21 0 21 1.578 -2.980 1.459
HETATM 22 0 22 1.878 2.770 2.673
HETATM 23 0 23 3.821 -0.532 3.084
HETATM 24 H 24 -1.005 0.909 0.700
HETATM 25 0 25 -1.305 -1.722 -0.113
CONECT 1 2 10 20 23
CONECT 2 1 4 12 21
CONECT 3 5
CONECT 4 2
CONECT 5 3 6 13 22
CONECT 6 5 8 15 20
CONECT 7 23
CONECT 8 6 9 16 24
CONECT 9 8 18 19 25
CONECT 10 1
CONECT 11 21
CONECT 12 2
CONECT 13 5
CONECT 14 22
CONECT 15 6
CONECT 16 8
CONECT 17 25
CONECT 18 9
CONECT 19 9
CONECT 20 1 6
CONECT 21 2 11
CONECT 22 5 14
CONECT 23 1 7
CONECT 24 8
CONECT 25 9 17
END
A.2.3. Model a-(l-*4)-galactan
HETATM 1 H 1 3.620 1.676 -9.040
HETATM 2 0 2 4.538 1.611 -8.717
HETATM 3 C 3 5.062 0.271 -8.501
HETATM 4 H 4 6.098 0.348 -8.129
HETATM 5 0 5 5.063 •-0.417 -9.710
HETATM 6 C 6 4.181 ■0.479 -7.475
HETATM 7 H 7 4.288 0.012 -6.486
HETATM 8 0 8 4.612 •-1.815 -7.362
HETATM 9 H 9 4.044 ■-2.243 -6.695
HETATM 10 H 10 3.112 -0.450 -7.769
HETATM 11 C 11 6.521 -2.314-10.128
HETATM 12 H 12 7.586 -2.596-10.236
HETATM 13 H 13 5.968 -2.666-11.020
HETATM 14 H 14 6.288 -0.515-12.216
HETATM 15 C 15 6.816 -0.080-11.344
HETATM 16 H 16 7.906 -0.221 -11.490
HETATM 17 0 17 6.554 1.299-11.266
HETATM 18 H 18 7.061 1.643 -10.507
HETATM 19 C 19 6.418 -0.763 -10.010
HETATM 20 H 20 7.068 -0.384 -9.196
HETATM 21 C 21 5.956 -3.073 -8.893
HETATM 22 H 22 5.954 -4.149 -9.097
HETATM 23 0 23 6.733 -2.830 -7.740
HETATM 24 H 24 6.334 -3.334 -7.028
HETATM 25 H 25 4.918 -2.780 -8.712
CONECT 1 2
CONECT 2 1 3
CONECT 3 2 6 4 5
CONECT 4 3
CONECT 5 3 19
CONECT 6 3 10 8 7
CONECT 7 6
CONECT 8 6 9
CONECT 9 8
CONECT 10 6
CONECT 11 13 19 21 12
CONECT 12 11
CONECT 13 11
CONECT 14 15
CONECT 15 14 19 17 16
CONECT 16 15
CONECT 17 15 18
CONECT 18 17
CONECT 19 5 11 15 20
CONECT 20 19
CONECT 21 11 22 23 25
CONECT 22 21
CONECT 23 21 24
CONECT 24 23
CONECT 25 21
END
A2A. Model p -(l—»4)-galactan
HETATM 1 C 1 7.895 -2.356-11.002
HETATM 2 H 2 8.923 -2.720-11.002
HETATM 3 H 3 7.381 -2.720-11.892
HETATM 4 H 4 9.649 -0.666-12.259
HETATM 5 C 5 8.621 -0.303 -12.259
HETATM 6 H 6 8.107 -0.666-13.149
HETATM 7 0 7 8.621 1.127-12.259
HETATM 8 H 8 7.771 1.447-11.950
HETATM 9 C 9 7.895 -0.816-11.002
HETATM 10 H 10 8.409 -0.453 -10.112
HETATM 11 C 11 7.169 -2.870 -9.745
HETATM 12 H 12 6.827 -2.022 -9.151
HETATM 13 0 13 6.046 -3.664-10.134
HETATM 14 H 14 5.593 -3.984 -9.350
HETATM 15 H 15 7.854 -3.475 -9.151
HETATM 16 H 16 5.123 0.405 -8.272
HETATM 17 0 17 5.274 -0.128 -9.056
HETATM 18 C 18 6.322 0.455 -9.834
HETATM 19 0 19 6.547 -0.340-11.002
HETATM 20 H 20 7.236 0.495 -9.241
HETATM 21 C 21 5.919 1.881 -10.254
HETATM 22 H 22 5.006 1.840-10.847
HETATM 23 0 23 6.968 2.463-11.032
HETATM 24 H 24 6.716 3.352-11.293
HETATM 25 H 25 5.748 2.486 -9.364
CONECT 1 3 9 11 2
CONECT 2 1
CONECT 3 1
CONECT 4 5
CONECT 5 4 9 7 6
CONECT 6 5
CONECT 7 5 8
CONECT 8 7
CONECT 9 1 5 10 19
CONECT 10 9
CONECT 11 1 12 13 15
CONECT 12 11
CONECT 13 11 14
CONECT 14 13
CONECT 15 11
CONECT 16 17
CONECT 17 16 18
CONECT 18 17 21 19 20
CONECT 19 18 9
CONECT 20 18
CONECT 21 18 25 23 22
CONECT 22 21
CONECT 23 21 24
CONECT 24 23
CONECT 25 21
END
A.2.5. Model a -(l—»4)-mannan
HETATM 1 C 1 -2.822 0.206 -■1.568
HETATM 2 C 2 -2.469 0.235 -■0.059
HETATM 3 H 3 -1.506 1.940 -■0.110
HETATM 4 H 4 -2.971 -0.825 -1.892
HETATM 5 0 5 -2.286 1.592 0.374
HETATM 6 H 6 -2.000 0.645 ■-2.138
HETATM 7 0 7 -4.013 0.966 -■1.809
HETATM 8 H 8 -4.176 0.907 ■2.775
HETATM 9 H 9 -3.311 •-0.181 0.499
HETATM 10 0 10 -1.257 -0.509 0.191
HETATM 11 C 11 -1.410 -1.618 1.103
HETATM 12 C 12 -0.481 -1.418 2.337
HETATM 13 H 13 -1.144 -3.773 1.070
HETATM 14 C 14 -1.020 -2.936 0.377
HETATM 15 H 15 -0.557 -2.296 2.985
HETATM 16 H 16 -2.436 -1.713 1.460
HETATM 17 H 17 0.555 -1.331 1.998
HETATM 18 C 18 -0.827 -0.165 3.180
HETATM 19 H 19 -0.164 -0.130 4.047
HETATM 20 H 20 -0.669 0.736 2.585
HETATM 21 0 21 -2.188 -0.218 3.632
HETATM 22 H 22 0.026 -2.897 0.063
HETATM 23 0 23 -1.851 -3.186 -0.765
HETATM 24 H 24 -1.573 -2.545 -1.452
HETATM 25 H 25 -2.328 0.602 4.152
CONECT 1 2 4 6 7
CONECT 2 1 5 9 10
CONECT 3 5
CONECT 4 1
CONECT 5 2 3
CONECT 6 1
CONECT 7 1 8
CONECT 8 7
CONECT 9 2
CONECT 10 2 11
CONECT 11 10 12 14 16
CONECT 12 11 15 17 18
CONECT 13 14
CONECT 14 11 13 22 23
CONECT 15 12
CONECT 16 11
CONECT 17 12
CONECT 18 12 19 20 21
CONECT 19 18
CONECT 20 18
CONECT 21 18 25
CONECT 22 14
CONECT 23 14 24
CONECT 24 23.
CONECT 25 21
END
A.2.6. Model |3-(1—»4)-mannan
HETATM 1 C 1 2.518 ■0.848 2.572
HETATM 2 C 2 2.676 •■2.273 2.028
HETATM 3 H 3 0.242 2.771 1.488
HETATM 4 H 4 1.746 •-2.615 1.566
HETATM 5 C 5 1.180 2.219 1.589
HETATM 6 C 6 0.894 0.733 1.743
HETATM 7 H 7 3.960 ■-1.087 3.882
HETATM 8 C 8 -0.125 0.261 0.679
HETATM 9 C 9 -0.581 ■-1.182 0.986
HETATM 10 H 10 1.870 -0.828 3.343
HETATM 11 H 11 3.389 -3.498 0.699
HETATM 12 H 12 2.913 -2.942 2.859
HETATM 13 H 13 1.766 2.378 0.680
HETATM 14 H 14 2.482 2.192 3.149
HETATM 15 H 15 0.521 0.497 2.635
HETATM 16 H 16 0.325 0.311 -0.316
HETATM 17 H 17 -2.187 -1.292 -0.092
HETATM 18 H 18 -1.029 -1.344 1.961
HETATM 19 H 19 0.298 -1.706 0.817
HETATM 20 0 20 2.123 0.000 1.534
HETATM 21 0 21 3.572 -2.569 0.961
HETATM 22 0 22 1.878 2.770 2.673
HETATM 23 0 23 3.821 -0.532 3.084
HETATM 24 H 24 -1.005 0.909 0.700
HETATM 25 0 25 -1.305 -1.722 -0.113
CONECT 1 2 10 20 23
CONECT 2 1 4 12 21
CONECT 3 5
CONECT 4 2
CONECT 5 3 6 13 22
CONECT 6 5 8 15 20
CONECT 7 23
CONECT 8 6 9 16 24
CONECT 9 8 18 19 25
CONECT 10 1
CONECT 11 21
CONECT 12 2
CONECT 13 5
CONECT 14 22
CONECT 15 6
CONECT 16 8
CONECT 17 25
CONECT 18 9
CONECT 19 9
CONECT 20 1 6
CONECT 21 2 11
CONECT 22 5 14
CONECT 23 1 7
CONECT 24 8
CONECT 25 9 17
END
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